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Abstract 
Zircon from lower crustal xenoliths can preserve unique crustal formation records 
of unexplored levels of the lithosphere.  The first such records for the western Churchill 
province (Nunavut, Canada) are presented here.  Zircon SIMS U-Pb geochronology and 
oxygen isotope analysis were conducted on kimberlite-hosted granulite-facies xenoliths: 
four metabasites (#9864; #9865; #9866; #9870) from the Rankin Inlet region, and five 
metabasites (#10162; #10163; #10167; #10169; #10179) and three 
metatonalite/anorthosites (#10158; #10164; #10168) from the Repulse Bay region.  For 
the Rankin Inlet suite, oscillatory planar zoned, igneous cores from metabasite xenolith 
#9865 record dates between ca. 2.9–2.6 Ga, whereas complex to radial-sector zoned 
metamorphic cores from metabasite xenolith #9864 yield dates between ca. 2.0–1.9 Ga.  
Oscillatory planar zoned igneous cores from the Repulse Bay suite yield dates of ca. 3.50 
and ca. 3.0–2.6 Ga (#10158; #10164; #10168).  Metamorphic rims from all 12 xenoliths 
yield dates between ca. 1.75–1.70 Ga, which likely represent regional thermal reworking 
of the lower crust initiated by magma underplating along the crust-mantle boundary.  
Irregular, vein-like micro-structures and evidence for solid-state recrystallization are 
commonly observed using cathodoluminescence within the igneous and metamorphic 
cores, and likely represent zones affected by intracrystalline Pb-loss and/or Pb-
redistribution during high-grade metamorphism. 
The oxygen isotope results for zircon from four metabasites from the Rankin Inlet 
suite have !18Ozrc values between +5.7 and +8.6‰.  Three metatonalite/anorthosites and 
five metabasites from the Repulse Bay suite have !18Ozrc values ranging from +5.6 to 
+8.3‰.  The high !18O values of the oldest igneous cores from xenoliths #10158 and 
 iv 
#10164 indicate protolith formation from evolved, supracrustal-derived (i.e., previous 
contact with surface fluids) tonalite/anorthosite magmas.  By comparison, the near-mantle 
!18O values of igneous cores from metabasite xenolith #9865 and metatonalite/anorthosite 
xenolith #10168 suggest protolith formation from juvenile magmas.  The mantle-like 
!18O values of ca. 2.0–1.9 Ga metamorphic cores from xenolith #9864 indicate localized 
reworking of the lower crust caused by regional-scale plate convergence.  The wide range 
of !18O values for all ca. 1.75–1.70 Ga metamorphic rims indicates regional transient 
heating and reworking of juvenile and evolved, supracrustal-derived lower crust induced 
by ca. 1.75 Ga magma underplating. 
 
 
Keywords: zircon, lower crust, xenoliths, western Churchill province, U-Pb 
geochronology, trace element geochemistry, oxygen isotopes, craton formation, Rae 
province, Hearne province, and Chesterfield domain. 
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Chapter 1. Introduction 
1.1. The Western Churchill Province  
The western Churchill province is one of the largest and underexplored Archean 
crustal blocks in Canada.  Its bedrock geology is dominated by reworked Neoarchean 
gneissic and supracrustal rocks that contain Neoarchean plutonic rocks and are overlain 
by extensive Paleoproterozoic sedimentary rocks (Hanmer et al., 1995).  Based on 
distinctive differences in lithology, age and petrogenesis of surface rocks, the western 
Churchill province has been subdivided into three crustal domains: the Rae province, the 
Hearne province and the Chesterfield domain (Fig. 1.1).  These distinctive crustal 
domains record common and independent histories involving magmatism related to 
craton formation (ca. 2.8–2.6 Ga); as well as post-cratonic orogenesis, regional 
magmatism and extension (ca. 2.5–1.8 Ga) (Hoffman, 1988; Hanmer et al., 1995; Zaleski 
et al., 2000; Skulski et al., 2003; Davis et al., 2004, Berman et al., 2005; Davis et al., 
2006; Berman et al., 2007; Martel et al., 2008). 
Much remains to be discovered in this region regarding the lithospheric evolution 
of its crustal domains (Berman et al., 2007), including their common and independent 
tectonic/thermal histories at various crustal levels and the relationship to economic 
mineralization.  Geochronology and surface geology have been interpreted to suggest a 
prolonged and complex tectonic/thermal history for the western Churchill province.  This 
history includes: (a) initial craton formation during the Mesoarchean and Neoarchean for 
the Rae province and Chesterfield domain, and during the Neoarchean for the Hearne 
province, (b) Neoarchean amalgamation and subsequent reworking of the Rae-
Chesterfield inboard margin, (c) widespread crustal shortening during the Trans-Hudson 
Orogen (ca. 2.0–1.8 worldwide), including evidence for widespread intrusive magmatism 
1
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Geological map of the western Churchill province of the Canadian Arctic, 
including the locations of the kimberlite-hosted Rankin Inlet and Repulse Bay lower 
crustal xenolith suites. 
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and tectonic-related, metamorphic reworking (Hanmer et al., 1995; Flowers et al., 2006; 
Berman et al., 2007; Martel et al., 2008; Corrigan et al., 2009), (d) ca. 1.92 amalgamation 
of the Hearne province to the composite Rae-Chesterfield (Davis et al., 2006; Berman et 
al., 2007), (e) ca. 1.84–1.81 Ga terminal collision of the western Churchill province with 
the Superior province and Sask craton as represented by 1.85–1.81 Ga Hudson plutons 
(Aspler et al., 2002), and (f) post-collisional, intracratonic magmatism comprising the 
1.76–1.75 Ga Nueltin granite suites, and widespread intracratonic extension of the upper 
crust represented by the 1.83–1.70 Ga Dubawnt Supergroup (Peterson, 2006).  
Understanding this complex formation history is important to identifying relationships 
between crustal domains in the western Churchill province and evaluating its economic 
mineral potential, including diamond occurrence/preservation and tectonothermal- and/or 
hydrothermal-related base- and precious-metal deposits. 
Areas within the western Churchill province have been the recent focus of intense 
geoscience investigations (e.g., industry-based and Geological Survey of Canada – Geo-
mapping for Energy and Minerals program) in an effort to explore for new economic 
mineral deposits, including potential lode-gold and base-metal deposits and diamond-
bearing kimberlites.  In other areas of the Canadian Shield, Archean fragments have 
commonly contained important economic resources for Canada.  Examples include 
numerous lode gold (Hemlo, Kirkland Lake and Red Lake) and volcanic massive 
sulphide deposits (Horne, Kidd Creek and Flin Flon) hosted within greenstone belts of the 
Superior province, and more recently, diamond deposits within the Slave (EKATI, 
Diavik, Snap Lake and Jericho) and Superior (Victor Mine, Renard deposit) provinces.  
The formation of such economic mineral occurrences can typically be attributed to, or 
affected by, regional tectonothermal processes (Kerrich and Cassidy, 1994). 
3
  
 
1.2. Processes of Crustal Evolution Recorded By Lower Crustal Xenoliths  
Lower crustal xenoliths obtained from kimberlite can provide an additional 
perspective on the understanding of crustal and lithosphere evolution of poly-
metamorphosed Archean cratons.  In particular, zircon (ZrSiO4) recovered from lower 
crustal xenoliths can preserve information regarding the age and tectonic evolution of the 
deep lithosphere within an Archean craton.  Additional constraints regarding the 
petrogenetic evolution and providence of the lower crust can be obtained using trace 
element geochemistry of lower crustal zircons (Hoskin and Ireland, 2000; Grimes et al., 
2007).  Because of the incorporation of trace elements (U, Th, Hf, and Y) and rare earth 
elements (REE) into the zircon structure during crystallization (Finch and Hanchar, 2003; 
Hoskin and Schaltagger, 2003), and its associated sluggish ionic diffusion rates (Cherniak 
and Watson, 2003), this unique information is commonly preserved – permitting 
investigations using a wide range of analytical techniques, including U-Pb 
geochronology, textural analysis by SEM-BSE (backscatter electron) and SEM-CL 
(cathodoluminescence) imaging (Hanchar and Rudnick; Corfu et al., 2003) and 
petrogenetic characterization through trace element analysis (Hoskin and Ireland, 2000; 
Grimes et al., 2007).  Oxygen isotopes of zircon and garnet from lower crustal xenoliths 
can further constrain age and tectonic models of the lower crust – based on 
geochronology and trace element geochemistry – by indicating protolith source 
compositions and associated fluid-rock interaction (Peck et al., 2001; Valley et al., 2002; 
Moser et al., 2008). 
Previous studies of samples from the lower crust from other Archean cratons – 
including lower crustal xenoliths (Rudnick and Williams, 1987; Hanchar and Rudnick, 
4
  
1995; Davis, 1997; Moser and Heaman, 1997; Schmitz and Bowring, 2000; Davis et al., 
2003; Moser et al., 2009) and sections of the lower crust uplifted to the surface during 
orogenesis (Moser et al., 2008; Flowers et al., 2010; Bowman et al., 2011) – demonstrate 
zircon’s ability to preserve records of magmatic and thermal-related reworking events 
spanning the history of lithosphere formation.  This high-fidelity lower crustal record 
includes primary magmatism and craton formation (Davis, 1997; Davis et al., 2003; 
Moser et al., 2008), mantle-derived magmatism and associated reworking along the crust-
mantle interface (Davis, 1997; Moser and Heaman, 1997), regional-scale metamorphism 
and related reworking of the lower crust (Rudnick and Williams, 1987; Schmitz and 
Bowring, 2000; Flowers et al., 2010), meteor impact induced granulite-facies 
metamorphism in the lower crust (Moser et al., 2009), and metasomatic-related lower 
crustal reworking (Bowman et al., 2011).  Understanding lower crustal processes during 
and subsequent to craton formation can be important in interpreting complex, crustal 
evolution histories.  To address these gaps in the complex geologic dataset for the western 
Churchill province, we report here a detailed geochronology and petrogenetic 
examination of two lower crustal xenolith suites from Rankin Inlet region within the 
Chesterfield domain and the Repulse Bay region within the Rae province (Fig. 1.1). 
 
1.3. Purpose of the Study 
This project involves a thermochronologic study of zircons obtained from 
kimberlite-derived lower crustal xenoliths from the western Churchill province, with the 
purpose of characterizing the age and evolution of the deep Precambrian continental 
lithosphere.  Age and petrogenetic information were obtained mostly from zircon 
recovered from granulite-facies lower crustal xenoliths.  The xenoliths comprise four 
5
  
granulite-facies metabasite xenoliths from the Rankin Inlet region in the Chesterfield 
domain (Shear Diamonds Ltd., Churchill Diamond Project) and three 
metatonalite/anorthosite and five metabasite xenoliths from the Repulse Bay region in the 
Rae province (Stornoway Diamond Corp./BHP Billiton, Qilalugaq Project).  To obtain 
age, tectonic, and petrogenetic information from zircon a wide range of analytical 
techniques have been employed, including U-Pb geochronology and trace element 
geochemistry of zircon using sensitive high resolution ion microprobe (SHRIMP), and 
oxygen isotope analysis of zircon using secondary ion mass spectrometry (SIMS).  This 
age and petrogenetic information is corroborated with detailed petrographic analysis 
using standard optical microscopy and high-resolution, colour cathodoluminescence 
(colour CL), secondary electron (SE), backscatter electron (BSE), and electron 
backscatter diffraction (EBSD) scanning electron microscope (SEM) imaging.  The 
resulting age and petrogenetic information have been integrated with historical and 
ongoing surface geology and geophysical studies to develop a 4-D lithospheric model for 
this portion of the western Churchill province. 
Chapter 2 involves a characterization of the age and tectonic evolution of the 
western Churchill province using SHRIMP U-Pb geochronology and trace element 
analysis of zircon recovered from two lower crustal xenolith suites from the Rankin Inlet 
and Repulse Bay regions.  Zircons from these two granulite-facies xenolith suites provide 
new age constrains for the lower crust beneath the study area and suggest initial craton 
formation ages of ca. 2.90–2.60 Ga for the Rankin Inlet suite and ca. 3.50 Ga and 3.0–
2.60 Ga for the Repulse Bay suite.  Evidence for localized and/or regional modification of 
the lower crust through metamorphism includes ages of ca. 2.00–1.90 Ga for the Rankin 
Inlet suite and ca. 1.75–1.70 Ga for both xenolith suites.  A crustal evolution model is 
6
  
then established for this portion of the western Churchill province by combining these age 
and petrogenetic results with previous geologic and geophysical studies of surface rocks, 
which together support a prolonged and complex crustal formation history (i.e., Berman 
et al., 2007).  
In Chapter 3, an investigation of the petrogenetic evolution of the lower crust is 
undertaken using SIMS oxygen isotope analysis of zircon and laser fluorination oxygen 
isotope analysis of associated garnet from the Rankin Inlet and Repulse Bay lower crustal 
xenolith suites.  Oxygen isotope results for garnet and zircon from the lower crustal 
xenoliths suggest protolith source compositions and whether those protoliths interacted 
with, or incorporated rocks exposed to surface-derived fluids.  This petrogenetic 
information is then combined with previously reported tectonic models derived using U-
Pb geochronology and trace element results (Chapter 2) to suggest a tectonic and 
petrogenetic evolution model for portions of the western Churchill province lower crust.  
Chapter 4 comprises an examination of intracrystalline Pb-redistribution and/or 
apparent partial Pb-loss in zircon during exposure to granulite-facies metamorphism.  To 
obtain information regarding Pb-mobility in zircon, SHRIMP U-Pb geochronology and 
high-resolution textural analysis are undertaken on individual zircon crystals from the 
Rankin Inlet and Repulse Bay lower crustal xenolith suites.  This study incorporates this 
information with previously reported textural features associated with partial Pb-loss 
(Chapter 2) – as well as other documented evidence for Pb-redistribution and/or partial 
Pb-loss in granulite-facies zircons (McFarlane et al., 2005; Davis et al., 2008; Moser et 
al., 2009; Flowers et al., 2010) – to identify a new dynamic thermal process that affects 
zircon exposed to granulite-facies metamorphism.  In particular this process includes: 
7
  
nanometer-scale fracturing and associated intracrystalline Pb-redistribution and/or 
apparent partial Pb-loss, followed by annealing and/or solid-state recrystallization. 
  
8
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Chapter 2. Age and evolution of the lithosphere beneath the western Churchill 
province: U-Pb geochronology of zircon from kimberlite-hosted lower crustal 
xenoliths, Nunavut, Canada 
 
2.1. Introduction 
U-Pb geochronology of zircon obtained from kimberlite-derived lower crustal 
xenoliths can yield unique age and petrogenetic information regarding the evolution of 
the deep continental lithosphere beneath Archean cratons.  Owing to very sluggish ionic 
diffusion rates (Cherniak and Watson, 2003), it is possible to characterize multiple 
tectonothermal events spanning the entire history of craton formation (e.g., Moser et al., 
2008).  This has been documented in samples of the lower crust from the Slave and 
Superior provinces of the Canadian Shield (Davis, 1997; Moser and Heaman, 1997; Davis 
et al., 2003; Moser et al., 2008; Bowman et al., 2011), the Kaapvaal craton of South 
Africa (Schmitz and Bowring, 2000; Moser et al., 2009), and Queensland, Australia 
(Rudnick and Williams, 1987).  Information retained in such zircons include ages of 
initial craton formation (Davis, 1997; Davis et al., 2003; Moser et al., 2008), of reworking 
along the crust-mantle interface and of subsequent tectonothermal activity (Rudnick and 
Williams, 1987; Davis, 1997; Moser and Heaman, 1997; Schmitz and Bowring, 2000), 
and the timing of deep crustal metasomatism (Bowman et al., 2011).  
The western Churchill province of northern Canada (Fig. 2.1) is one of the largest 
yet most poorly explored Archean cratonic blocks within the Canadian Shield.  It is 
comprised mostly of Archean gneissic plutonic rocks and volcanic-sedimentary 
supracrustal rocks, which were reworked during the Paleoproterozoic Trans-Hudson 
orogeny, and overlain by younger Proterozoic sedimentary sequences (Hanmer et al., 
14
  
 
Figure 2.1. Geological map of the western Churchill province, including location of the 
Rankin Inlet and Repulse Bay lower crustal xenolith suites, after Martel et al. (2008).  
Abbreviations, CB – Cumberland batholith, CD – Chesterfield domain, CHSB – central 
Hearne supracrustal belt, EA – east Athabasca mylonite zone, NWT – Northwest 
Territories, Pe – Pehnryn group, Pi – Piling group, STZ – Snowbird Tectonic zone, WB – 
Wathaman batholith, Wo – Wollaston group. 
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1995).  The geology of the Churchill province records a prolonged and complex history 
with large-scale plutonic and volcanic crust forming events, between ca. 2.75–2.60 Ga 
(Zaleski et al., 2000; Skulski et al., 2003; Davis et al., 2004; 2006), and multiple episodes 
of orogenesis and associated tectonothermal activity between ca. 2.50–1.75 Ga (Hoffman, 
1988; Hanmer et al., 1995; Berman et al., 2005; Berman et al., 2007; Martel et al., 2008).  
In addition, evidence of the onset of crust formation in the Hadean and a prolonged 
geodynamic history for the western Churchill province is provided by a 4043 ± 10 Ma 
inherited zircon within the ca. 2.67 Ga Super Mario granite (Martel et al., 2008).   
The age and chemical information acquired by these studies highlight the complex 
nature of western Churchill province craton evolution, with significant gaps remaining in 
the geological dataset.  Foremost among these gaps is the absence of geochronologic 
knowledge for the deeper levels of the region.  Lower crustal xenoliths have the potential 
to add new age information concerning crustal and lithosphere evolution, and there are as 
yet no such lower crustal xenolith data for the western Churchill Province.  Here we 
report the U-Pb geochronology and trace element chemistry of zircon obtained from 
kimberlite-hosted lower crustal xenoliths from the Chesterfield and Repulse Bay crustal 
blocks of the western Churchill province, with the purpose of characterizing the age and 
thermal evolution of the lower crust beneath the Rankin Inlet and Repulse Bay regions of 
Nunavut, Canada (Fig. 2.1).      
 
2.2. Geological Setting 
 The surface geology of the Churchill province is dominated by Neoarchean 
reworked gneissic granitoid rocks and volcanic-sedimentary supracrustal rocks, which are 
overlain by extensive Paleoproterozoic intracratonic sedimentary rocks (Fig. 2.1).  On the 
16
basis of contrasting lithologies and tectonothermal histories, the Churchill province has 
been subdivided into three domains, which from north to south are: Rae province, 
Chesterfield domain, and Hearne province (Hoffman 1988; Davis et al., 2006; Hanmer et 
al., 2006; Berman et al., 2007).   
The Rae province and Chesterfield domain (the latter formerly referred to as the 
‘northwestern Hearne domain’) are comprised mostly of 2.74–2.67 Ga volcanic-
sedimentary supracrustal rocks, intruded by extensive 2.68–2.65 Ga tonalite and 2.61–
2.58 Ga felsic plutons (Skulski et al., 2003; Davis et al., 2006; Berman et al., 2007; 
Martel et al., 2008).  The volcanic-sedimentary supracrustal units of the Rae province are 
dominantly mafic and contain sequences of fuschitic quartzite-komatiite, which are 
absent in similar volcanic-sedimentary supracrustal rocks of the Chesterfield domain and 
Hearne province (Zaleski et al., 2000; Skulski et al., 2003).  This difference likely 
suggests that the Rae province was geographically isolated from the Chesterfield domain 
during 2.74–2.67 Ga volcanism and 2.68–2.65 Ga plutonism.  Evidence for amalgamation 
of the Rae and Chesterfield at approximately 2.61 Ga is provided by the 2.61–2.58 Ga 
felsic plutonic units along the Rae-Chesterfield margin, which are interpreted to represent 
subduction-related magmatism resulting from convergence of the two crustal domains 
(Berman et al., 2007; Martel et al., 2008).  Convergence and collision at this time is 
consistent with tectonometamorphism at 2.56–2.50 Ga along the amalgamated Rae-
Chesterfield margins (Davis et al., 2006; Berman et al., 2007), and development of 2.56–
2.50 Ga metamorphic fabrics throughout the Chesterfield domain (Berman et al., 2007; 
Martel et al., 2008) and along the southern exposures of the Rae province (Flowers et al., 
2006). 
17
 In portions of the northwestern and southern Rae province, tectonometamorphism 
during the 2.45–2.3 Ga Arrowsmith orogeny represents the development of a continental 
arc along the western margin (Berman et al., 2005).  Throughout the Rae province and 
Chesterfield domain, emplacement of a ca. 2.19–2.15 mafic dyke swarm marks the onset 
of ca. 2.1 Ga intracratonic rifting, and widespread passive-margin sedimentation (Aspler 
and Chiarenzelli, 1996; Martel et al., 2008).  Regional plutonism and 
tectonometamorphism along the western margin of the Rae province during the 1.98–1.91 
Ga Taltson orogeny was initiated by collision with the Slave craton, while along the 
southern margin of the composite Rae-Chesterfield domain, tectonometamorphism 
resulted from convergence during the ca. 1.9–1.865 Ga Trans-Hudson Orogen (Berman et 
al., 2007).  
The magmatic and tectonothermal history of the Hearne province during the 
Neoarchean and Paleoproterozoic is unlike those of the Rae and Chesterfield.  The 
Hearne province (formerly ‘central Hearne domain’) is characterized by extensive 2.72–
2.67 Ga juvenile volcanic-sedimentary supracrustal rocks, intruded by syn- to post-
metamorphic plutons, which were emplaced no later than 2.66 Ga (Martel et al., 2008).  It 
is suggested that these plutons are a product of an extensional suprasubduction zone 
(Sandeman et al., 2004; Davis et al., 2004).  Unlike the Rae and Chesterfield, the Hearne 
province then remained tectonothermally quiescent from 2.66 Ga until ~2.45 Ga, the time 
of the emplacement of the Kaminak mafic dyke swarm (Heaman, 1994), and initiation of 
coeval intracratonic rifting, and related magmatism and sedimentation in the interval of 
2.3–2.11 Ga (Heaman and LeCheminant, 1993; Aspler et al., 2002; Martel et al., 2008).  
This was followed by the initiation of extensive, ca. 2.067 passive margin sedimentation 
in the southern portion of the Hearne province (Yeo and Delaney, 2007). 
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Amalgamation of the Hearne province with the composite Rae-Chesterfield 
domain occurred during an interval of widespread, Paleoproterozoic crustal shortening of 
the central North American plate, the Trans-Hudson Orogen.  In the western Churchill 
province, such amalgamation led to exposure of domains of lower crust along the ca. 1.92 
Ga Snowbird Tectonic Zone (Hoffman, 1988; Hanmer et al., 1995; Flowers et al., 2006; 
Berman et al., 2007; Martel et al., 2008), and resulted in widespread plutonism and 
tectonometamorphic reworking of the Hearne province, which ended with the 1.84–1.81 
Ga collision with the Superior province and Sask craton (Aspler et al., 2002).  In the 
composite Rae-Chesterfield domains, amalgamation included collision of the Meta 
Incognita terrane to the north at 1.88–1.865 Ga (Berman et al., 2005).  Following this ~ 
100 Ma period of Trans-Hudson amalgamation, the contiguous lithospheric blocks of the 
western Churchill province underwent post-collisional magmatism, as represented by the 
1.85–1.81 Ga Hudson plutons and the 1.76–1.75 Ga Nueltin granite suites, and 
widespread intracratonic extension of the upper crust, including formation of the 1.83–
1.70 Ga Dubawnt Supergroup (Peterson, 2006).  
We use our xenolith suites from the southern Chesterfield domain (Rankin Inlet 
suite) and the Repulse Bay block within the central Rae province (Repulse Bay suite) to 
investigate the evolution of the crust-mantle transition beneath the western Churchill 
province, and test the extent to which tectonometamorphic events preserved in the upper 
crustal geologic record are mirrored in the lower crust during both early stages of 
Archean lithosphere formation and Proterozoic Trans-Hudson deformation and 
magmatism.  These lower crust events in turn provide a more four-dimensional context of 
the evolution of the western Churchill province and the diamondiferous mantle 
lithosphere in the region. 
19
 2.3. Description of the Lower Crustal Xenolith Samples 
The Rankin Inlet lower crustal xenolith suite was collected from kimberlite drill 
core from the Shear Diamonds Ltd. Churchill Diamond Project located ~ 50 km northeast 
of Rankin Inlet, Nunavut.  The Repulse Bay xenoliths are derived from the Stornoway 
Diamond Corp./BHP Billiton Diamonds Inc. Qilalugaq Project, located ~ 10 km north of 
Repulse Bay, Nunavut (Table 2.1; Fig. 2.1).  Emplacement ages of 225 to 170 Ma were 
determined for the Rankin Inlet kimberlite field, using both U-Pb perovskite and Rb-Sr 
phlogopite techniques (Zurevinski et al., 2008).  The Qilalugaq kimberlite field has not 
yet been dated.  It is speculated, however, that Qilalugaq pipes have an approximate age 
of 550 Ma based on textural similarities to the Aviat kimberlite field, which was 
emplaced at 558 Ma (Scott Smith, 2008).  The country rock surrounding both kimberlite 
fields comprises variably reworked, gneissic Archean granitoid rocks, which were 
identified in core and on surface proximal to the kimberlites.  
 Four granulite-facies metabasite xenoliths were obtained from kimberlite drill 
core from the Churchill Diamond project (Table 2.1 – the Rankin Inlet lower crustal 
xenolith suite).  The xenoliths range in diameter from 1 to 4 cm, are medium-grained and 
granoblastic to weakly porphyroblastic.  All samples are extensively affected by 
kimberlite-related alteration, with approximately 40 to 95 % of the primary minerals 
(primarily feldspar and pyroxene) replaced by calcite, serpentine, chlorite and phlogopite. 
The primary metamorphic mineral assemblages include garnet, plagioclase and 
clinopyroxene, with minor to moderate amounts of orthopyroxene, and accessory apatite 
and rutile (Figs. 2.2A, B).  Mafic minerals generally make up > 30 % of the xenoliths and 
on the basis of their metamorphic mineral assemblages are classified as metabasite.  
20
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Figure 2.2. Photomicrographs of xenoliths from the Rankin Inlet (A–B) and Repulse Bay 
(C–D) lower crustal xenolith suites. Mineral abbreviations, cal – calcite, chl – chlorite, 
cpx – clinopyroxene, grt – garnet (almandine), hbl – hornblende, ilm – ilmenite, opx – 
orthopyroxene, phl – phlogopite, plg – plagioclase, qtz – quartz, srp – serpentine, and zrn 
– zircon. The xenoliths exhibit pervasive replacement of primary metamorphic minerals 
by an alteration assemblage consisting of cal-srp-chl-phl. (A) metabasite xenolith #9864, 
granoblastic grt-cpx-opx-ilm, with relict (r) plg-hbl, moderate to strong alteration. (B) 
metabasite xenolith #9870, granoblastic plg-grt-cpx-opx-ilm, with accessory zrn 
associated with grt-cpx, weak to moderate alteration. (C) metabasite xenolith #10167, 
granoblastic grt-plg-cpx, with bastite (b) after opx. (D) metatonalite-anorthosite xenolith 
#10168, granoblastic with zones rich in plg-opx-grt and grt-cpx-hbl, and accessory qtz-
ilm. 
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Zircon was identified in thin section of xenolith #9864, in association with garnet, apatite 
and altered clinopyroxene. 
A total of eight zircon-bearing lower crustal xenoliths (Table 2.1 – the Repulse 
Bay lower crustal xenolith suite) were obtained from a much larger set of zircon-absent, 
granulite facies metabasite, amphibolite and upper crustal xenoliths that were recovered 
from the Qilalugaq kimberlite drill core.  The lower crustal xenoliths consist of five 
granulite facies metabasite and three granulite facies metatonalite/anorthosite xenoliths.  
They have primary metamorphic mineral assemblages comprised of variable amounts of 
garnet, plagioclase, clinopyroxene, orthopyroxene, hornblende and quartz, with the 
metatonalite/anorthosite xenoliths typically containing < 30% pyroxene (Figs. 2.2C, D).  
Most xenoliths appear compositionally homogeneous with only minor zoning in hand 
sample and thin section.  In thin section, all samples exhibit large degrees of kimberlite 
fluid-related alteration, ranging from 50 to 90% replacement of primary metamorphic 
minerals by calcite, serpentine, phlogopite and chlorite (Fig. 2.2C).  Zircon was identified 
in three thin sections of the Repulse Bay lower crustal xenolith sample suite (#10158, 
#10164 and #10168), generally in association with garnet, clinopyroxene, orthopyroxene 
and apatite. 
 
2.4. Methods 
 2.4.1 Sampling 
During sampling the xenoliths were classified in place, within the kimberlite drill 
core, and deemed of lower crustal origin on the basis of textural features (i.e., 
granoblastic texture) and hand sample recognition of varying amounts of garnet, 
clinopyroxene, orthopyroxene, plagioclase, and hornblende.  Identification of rounded or 
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nodular xenolith margins was also used for classification, as these textures can imply long 
transport distances and xenolith margin reworking during ascent to the surface.  Rounded 
or nodular margins were commonly observed for the lower crustal xenoliths, mantle 
xenoliths and kimberlite xenocrysts, whereas the granitoid, host rock-derived enclaves 
and other upper crust-derived xenoliths typically had angular margins.  To ensure a 
sampling bias was not introduced, a broad range of lower crustal, upper crustal, and 
mantle xenoliths were collected.  The classification features were then confirmed using 
stereomicroscopy at Western University. 
The prospective lower crustal, upper crustal and mantle xenoliths were isolated 
from the kimberlite host rock using a diamond saw and segmented in preparation for thin 
sectioning.  Standard transmitted- and reflected-light microscopy (including UV-
fluorescence) was employed to confirm these classifications and to determine mineral 
assemblages, assess the degree of alteration, and identify zircon and other accessory 
minerals (i.e., apatite, rutile, baddeleyite).  Due to the extensive kimberlite-related 
alteration affecting most xenoliths in this study (up to approximately 90% replacement by 
secondary minerals), it was difficult to fully characterize primary metamorphic minerals 
and textures.  In some cases primary mineralogy was estimated on the basis of preserved 
unique secondary mineral assemblages and recognition of primary textural features (i.e., 
bastite after enstatite).  Xenoliths with complete replacement of primary minerals by 
secondary alteration minerals (> 90%) were excluded from further characterization and 
mineral separation.  For unaltered zones primary mineral compositions were confirmed 
using SEM-EDS analysis. 
 
2.4.2 SHRIMP U-Pb and Trace Element Analysis 
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U-Pb geochronology and trace element analysis were performed using a SHRIMP 
II ion probe at the Geological Survey of Canada (Ottawa, Canada).  Prior to SHRIMP 
analytical work, zircon and other accessory minerals were extracted from the prospective 
lower crustal, upper crustal and mantle xenoliths by hand crushing and standard magnetic 
and heavy liquid separation techniques.  All of the mineral separates from the prospective 
xenoliths were inspected for accessory minerals; however, only the resulting mineral 
separates from the lower crustal xenoliths were selected for further mineral separation 
(Table 2.1).  These mineral separates were hand picked for zircon and other accessory 
minerals using a stereomicroscope.  The picked zircon samples were mounted on a 2.5 cm 
epoxy disc, along with GSC zircon standard 6266 (206Pb/238U age = 559 Ma), and 
polished to expose the zircon crystal interiors.  To identify analytical targets for the zircon 
samples, backscatter electron and grey-scale cathodoluminescence images of the polished 
zircons were acquired using a Zeiss EVO 50 Scanning Electron Microscope (SEM) at the 
GSC-Ottawa. 
SHRIMP U-Pb ratios of zircon were collected following the method of Stern 
(1997), using a standard operating mass resolution (M/!M) of ~5000, with the data 
processed off-line using SQUID software (Ludwig, 2001).  Trace element analyses were 
carried out with a mass resolution of ~7000.  Trace element ratios were calculated using 
the SQUID software (Ludwig, 2001) by normalizing the raw elemental and molecular 
species against ZrO2 for the Rankin Inlet suite and ZrSiO for the Repulse Bay suite, as 
zirconium is assumed to be stoichiometric.  A sensitivity factor was then calculated for 
each element by comparing known concentrations of 6266 with those measured during 
the analytical session.  The sensitivity factors for each element were then applied to the 
unknown trace element ratios to determine elemental concentrations (ppm). 
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A total of 155 and 154 SHRIMP U-Pb analyses were performed on zircon 
(between May 2009 to April 2010) from the Rankin Inlet and Repulse Bay lower crustal 
xenolith suites, respectively (Session 1 – Appendix A).  An additional 65 SHRIMP U-Pb 
analyses were acquired during a later session (January 2012) for the purpose of more 
detailed U-Pb analysis of individual zircons – and are reserved for discussion in Chapter 4 
(Session 2 – Appendix A).  Ages cited in the text correspond to 207Pb/206Pb model ages 
(dates), and include associated 2! analytical uncertainties.  SHRIMP trace element 
analysis consisted of 129 unknown analyses of zircon from the two lower crustal xenolith 
suites (ppm), with the individual 6266 trace element results also reported here (Appendix 
B).  To verify the location of the U-Pb and trace element analyses, in relation to intended 
CL-zones and to confirm the SHRIMP pits were devoid of fractures and/or inclusions, 
secondary electron (SE) and colour cathodoluminesence (colour CL) images of the pits 
were collected using a Hitachi SU-6600 Field Emission Gun SEM (FEG-SEM) at 
Western University. 
A large number of U-Pb results reported here (Appendix A) have associated 
analytical uncertainties that appear significantly larger than those commonly attained 
during SHRIMP U-Pb analysis (e.g., #9865-10.5, 207Pb/206Pb = 1936 ± 391 Ma).  Some 
U-Pb measurements reported low U concentrations (e.g., #9866, 10 ppm U), which would 
result in very low radiogenic Pb concentrations and high uncertainties.  However, a large 
number of analyses also reflect significant radiogenic Pb isotope (i.e., 206Pb, 207Pb and 
208Pb) variability within an individual run, irrespective of their parent isotopes (i.e., 235U, 
238U and 232Th), structural components such as Zr2O, and any common Pb observed 
during SHRIMP analysis.  This Pb-variability likely contributed to high analytical 
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uncertainties.  In addition, we attribute the apparent high reverse discordance for some U-
Pb results (e.g., #9865-4.2, -34% discordance) to this high Pb-variability and suggest this 
decoupling of U-Pb ratios is the result of radiogenic Pb-redistribution within the zircon 
structure (Davis et al., 2008), with additional discussion below.  Based on the consistency 
of the 6266 U-Pb measurements, in comparison to those during normal SHRIMP analysis, 
we are confident that this high Pb-variability and associated reverse discordance are not 
caused by unstable analytical conditions or machine error, but are intrinsic to the samples. 
 To estimate the degree of accumulated radiation damage in zircon from the lower 
crustal xenoliths Raman spectroscopic analysis was employed (Surface Science Western 
at Western University).  Raman spectra were acquired using a Renishaw Model 2000 
Raman Spectrometer with an operating wavelength of 633 nm.  Determination of the full 
width at half-maximum (FWHM – cm-1) for the distinctive !3(SiO4) zircon peak was 
completed by band fitting, assuming Lorentian-Gaussian band shapes (Appendix C).  
GSC zircon standards 6266 and 1242 were also analyzed for comparison with the sample 
zircons.  Associated FWHM errors were generally better than ± 0.4 cm-1 for FWHM 
values less than 10 cm-1, and up to ± 0.8 cm-1 for FWHM values greater than 10 cm-1.  
Approximate "-dosages were calculated for zircon based on Nasdala et al. (2001), using 
associated SHRIMP 207Pb/206Pb dates, and U and Th concentrations. 
 
2.5. Results 
2.5.1 Rankin Inlet Xenolith Suite 
The 207Pb/206Pb dates for zircon from four metabasite xenoliths (#9864 to #9870) 
from the Rankin Inlet xenolith suite range from ca. 2.85 Ga to 1.65 Ga, with all samples 
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containing zircon domains with dates between ca. 1.75 to 1.65 Ga and two samples 
containing zircon older than ca. 2.75 Ga (samples #9865 and #9870). 
 
Xenolith #9864 – Metabasite 
Sample #9864 yielded more than 250 zircons, which range in diameter from 30 
"m to 370 "m, with most < 170 "m.  The zircons vary from equant, with rounded 
margins, to irregular, with angular margins, and are commonly transparent and colourless.  
Zircon sizes, shapes and colours were uncorrelated.  Two zircons with deep green 
diopside inclusions and one zircon with a pink-purple garnet inclusion were observed, 
indicating syn-metamorphic growth.  Colour SEM-CL imaging revealed zircon cores 
characterized by equant to oblate, complex to radial-sector zoned textures, which is 
consistent with metamorphic zircon growth, and low to zero CL emission.  These are 
commonly surrounded by uniform and unzoned, white to light grey metamorphic rims.  
Whole grains with CL characteristics of metamorphic rims were commonly observed 
(Figs. 2.3A, B).  Complex to radial-sector zoned, metamorphic zircon cores yielded 
207Pb/206Pb dates that span the range of 2033 ± 17 Ma to 1685 ± 64 Ma, with a large 
majority of cores between ca. 2000–1900 Ma.  White to light grey metamorphic rims 
yielded dates that range between 1995 ± 160 Ma and 1639 ± 317 Ma (Figs. 2.3A, B), with 
25 of 28 rim analyses reporting a mean age of 1737 ± 18 (2#, mean square of weighted 
deviates (MSWD) = 2.7, probability of fit = 0%).  The U concentrations of complex to 
radial-sector zoned, metamorphic cores ranged between 78 to 1323 ppm, while rims span 
13 to 64 ppm.  No correlation was observed between U-Pb results and Th/U ratios, with 
the latter ranging from 0.01 to 0.64. 
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Figure 2.3. Colour cathodoluminescence (including ultraviolet light) SEM images of 
zircon from the Rankin Inlet lower crustal xenolith suite, with SHRIMP 207Pb/206Pb 
results (Ma) and associated 2! analytical uncertainties. (A–B) metabasite xenolith #9864, 
(A) grain 31 and (B) grain 105, mottled, dark (in CL) metamorphic zircon core, mantled 
by light (in CL), relatively unzoned metamorphic zircon rim. (C–D) metabasite xenolith 
#9865, (C) grain 5, oscillatory zoned igneous zircon with weakly faded zoning of outer 
margin, (D) grain 4, relict igneous zircon with faded oscillatory zoning, mantled by thin 
and light (in CL), unzoned metamorphic zircon rim. (E) metabasite xenolith #9866, grain 
7, light (in CL), unzoned metamorphic zircon. (F) metabasite xenolith #9870, grain 10, 
light (in CL), unzoned metamorphic zircon.  Note: images A–C were acquired using an 
improved CL calibration to images D–F, with the zircons in the latter images unable to be 
re-imaged because of loss during subsequent polishing and preparation for additional 
analysis.   
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Xenolith #9865 – Metabasite 
Fewer than 35 zircons were obtained from sample #9865.  These range in 
diameter from ~ 50 to 300 "m, with a large majority < 185 "m.  The zircons are typically 
transparent and colourless and equant to weakly elongate.  In SEM-CL (colour), the 
zircons are commonly characterized by white to light grey, uniform and unzoned 
metamorphic rims surrounding oscillatory zoned igneous cores (Figs. 2.3C, D).  A wide 
range of 207Pb/206Pb dates were obtained from zircon cores and rims.  Igneous cores span 
2883 ± 88 Ma to 1785 ± 58 Ma, with most core analyses generally older than 2750 Ma, 
while rims yielded a similar range of 2909 ± 92 Ma to 1608 ± 126 Ma.  Only 9 of 18 rim 
analyses reported a mean age of 1762 ± 39 (2#, MSWD = 1.09, probability of fit = 37%).  
Blurred or relict zoning was commonly identified within metamorphic rims and along 
core-rim interfaces, and likely indicates one generation of metamorphic rims representing 
core recrystallization during rim growth (e.g., Fig. 2.3D).  A second generation of new 
metamorphic rim growth was also identified, which commonly consists of unzoned 
metamorphic rims with well-defined core-rim boundaries. U concentrations for zircon 
from xenolith #9865 commonly varied between core and rim, with cores ranging from 11 
to 794 ppm and rims spanning 14 to 65 ppm.  Zircon cores and rims yielded a wide range 
of Th/U ratios (0.25 to 2.00); however, no correlation was observed between Th/U ratios 
and 207Pb/206Pb dates. 
 
Xenolith #9866 – Metabasite  
Only 15 zircons were recovered from #9866, with their diameters ranging from 54 
to 190 "m.  The grains are transparent and colourless, and equant with sub-rounded 
surfaces (Fig. 2.3E).  In SEM-CL (colour), these zircons are commonly uniformly zoned 
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and light grey, and are similar to the previous rim textured zircons of #9864 and #9865.  
These zircons have 207Pb/206Pb dates spanning 1818 ± 130 Ma to 1592 ± 319 Ma (n = 8 
spot analyses), with U concentrations that ranged between 10 to 74 ppm and Th/U ratios 
from 1.07 to 4.97.  All eight metamorphic rim analyses yield a weighted average age of 
1701 ± 27 (2#, MSWD = 1.3, probability of fit = 27%). 
 
Xenolith #9870 – Metabasite 
Sample #9870 yielded 14 zircons, with diameters ranging from 35 to 137 "m.  
The zircons from this xenolith are transparent and colourless, and equant to elongate with 
rounded margins (Fig. 2.3F).  In SEM-CL (colour), these zircons are typically 
characterized by uniform to blotchy, white to light grey internal structures, and bear 
features similar to the rim textured zircons from #9864, #9865 and #9866.  These zircons 
yielded 207Pb/206Pb dates of 1699 ± 52 Ma to 1596 ± 71 Ma and U concentrations of 21 to 
30 ppm, with all seven U-Pb analyses reporting a mean age of 1665 ± 38 (2#, MSWD = 
2.0, probability of fit = 7%).  One euhedral, pink zircon from this xenolith, with 
concentric, dark grey to black oscillatory zoning in SEM-CL (colour), gave a single 
207Pb/206Pb date of 2712 ± 35 Ma and a U concentration of 49 ppm.  Th/U ratios of all 
zircons span 0.27 to 0.59, with no correlation between these ratios and corresponding 
207Pb/206Pb dates. 
 
5.2 Repulse Bay Xenolith Suite 
The 207Pb/206Pb dates of zircon from eight lower crustal xenoliths from the 
Repulse Bay suite span from ca. 3.50 to 1.65 Ga, however, only one sample contained 
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zircons older than 3.00 Ga.  Similar to the Rankin Inlet xenolith suite, all samples contain 
metamorphic zircon rims and other domains with dates ranging from ca. 1.80 to 1.65 Ga. 
 
Xenolith #10158 – Metatonalite/anorthosite 
Approximately 80 zircons were recovered from metatonalite/anorthosite xenolith 
sample #10158, ranging in size from 70 to 210 "m, with a large proportion of zircons < 
150 "m.  The zircons are transparent and colourless to reddish-brown, and equant, with 
margins that are rounded to weakly elongate.  Fractures were identified in a large number 
of zircons (< 20) as strongly red- to brown-discoloured irregularly oriented fractures.  In 
SEM-CL (colour), the zircons demonstrate a broad range of textural features.  In general, 
these are characterized by dark grey to black, unzoned to weakly oscillatory zoned 
igneous zircon cores, which are mantled by light grey, unzoned to faint complex zoned 
metamorphic zircon rims (Figs. 2.4A, B).  Blurred or relict zoning was common in 
metamorphic rims and igneous cores, and reflects partial to complete igneous core 
recrystallization.  Zircon cores yielded 207Pb/206Pb dates ranging between 2908 ± 21 Ma 
to 1871 ± 9 Ma (e.g., Figs. 2.4A, B), with U concentrations spanning 157 to 3008 ppm.  
The 207Pb/206Pb dates of the rims ranged from 1938 ± 14 to 1702 ± 92 Ma, with 20 of 25 
of these rim analyses yielding a mean age of 1751 ± 11 (2#, MSWD = 1.4, probability of 
fit = 13%).  The U concentrations of the metamorphic rims were significantly lower than 
those of zircon cores, with the inner rims spanning 60 to 462 ppm and outer rims ranging 
from 35 to 106 ppm.  A general correlation was observed between 207Pb/206Pb dates and 
Th/U ratios.  Older, > ca. 1871 Ma zircon cores have Th/U ratios less than 0.54, whereas, 
Th/U ratios greater than 0.99 (up to 2.21) were common for the younger, < ca. 1938 Ma 
zircon rims. 
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Figure 2.4. Colour cathodoluminescence (including ultraviolet light) SEM images of 
zircon from the Repulse Bay lower crustal xenolith suite, with SHRIMP 207Pb/206Pb 
results (Ma) and associated 2! analytical uncertainties. (A–B) metatonalite-anorthosite 
xenolith #10158, (A) grain 3, dark (in CL), unzoned to mottled zircon core mantled by 
light (in CL), unzoned to mottled metamorphic zircon rim, (B) grain 12, dark (in CL), 
oscillatory zoned igneous zircon. (C–D) metatonalite-anorthosite xenolith #10164, (C) 
grain 10, oscillatory zoned igneous zircon core with dark and light bands (in CL), mantled 
by thin and dark (in CL), unzoned metamorphic zircon rim, (D) grain 56, sector to 
oscillatory zoned igneous zircon core mantled by dark (in CL), unzoned metamorphic 
zircon rim. (E) metabasite xenolith #10167, grain 3, light (in CL), mottled and weakly 
oscillatory metamorphic zircon, with weak replacement by baddeleyite (dark blue-green 
in CL) along the zircon rim. (F-G) metatonalite-anorthosite xenolith #10168, (F) grain 65 
and (G) grain 87, oscillatory zoned igneous zircon core, with dark and light bands (in CL) 
and partial recrystallization marked by disrupted bands, mantled by moderately dark (in 
CL), unzoned to weakly mottled metamorphic zircon rim. Note the nanometer-scale 
annealed fractures within the core of (G) and its associated reset 207Pb/206Pb result. (H) 
metabasite xenolith #10169, grain 10, light (in CL), relatively unzoned metamorphic 
zircon. (I) metabasite xenolith #10179, grain 4, light (in CL), unzoned to mottled 
metamorphic zircon. 
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 Xenolith #10162 – Metabasite 
Three zircons were obtained from the metabasite xenolith #10162, with maximum 
dimensions of 100, 110 and 190 "m.  The three zircons are transparent and colourless, 
and equant to elongate.  In SEM-CL (colour), the three zircons displayed a very weak CL 
emission, and no discernible internal zoning.  One zircon recorded 207Pb/206Pb dates of 
1742 ± 20 Ma and 1744 ± 21 Ma, while a second zircon returned one model age of 1727 
± 24 Ma, with these three results forming a mean age of 1738 ± 12 (2#, MSWD = 0.68, 
probability of fit = 51%).  The U concentrations span 179 to 258 ppm, while Th/U ratios 
range from 1.22 to 1.68. 
 
Xenolith #10163 – Metabasite 
Four zircons were recovered from metabasite xenolith #10163, with three of these 
100 "m in size and one 50 "m in size.  These are transparent and colourless to weakly 
red, and equant to weakly elongate.  Similar to the zircons from xenolith #10162, the 
zircons from xenolith #10163 exhibited weak CL responses during SEM-CL (colour) 
imaging, with no visible internal zoning.  Only one 207Pb/206Pb date of 1738 ± 15 Ma was 
obtained from a single zircon in this sample.  This zircon has a Th/U ratio of 0.64 and a U 
concentration of 381 ppm. 
 
Xenolith #10164 – Metatonalite/anorthosite 
Metatonalite/anorthosite xenolith sample #10164 yielded approximately 100 
zircons, with their sizes ranging from 60 to 160 "m.  The zircons are commonly equant to 
elongate, with rounded margins, and transparent and colourless to reddish-brown.  
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Reddish-brown, angular fracture networks within zircon were commonly identified.  In 
SEM-CL (colour), the zircons are characterized by white to dark grey, oscillatory zoned 
to weakly disturbed igneous cores, mantled by uniformly dark grey and unzoned 
metamorphic zircon rims (Figs. 2.4C, D).  Blurred or faded zoning along core-rim 
boundaries, or disrupted zoning, was also identified in some igneous cores (Fig. 2.4D).  
Igneous cores from this xenolith recorded the oldest 207Pb/206Pb dates from the any of the 
lower crustal xenoliths from the two suites, with dates ranging from 3512 ± 13 Ma to 
1766 ± 10 Ma and rims yielding dates between 1806 ± 12 Ma and 1738 ± 11 Ma (Figs. 
2.4C, D), with five of seven rim analyses yielding a mean age of 1757 ± 20 (2#, MSWD 
= 6.5, probability of fit = 0%).  The wide range in 207Pb/206Pb dates from metamorphic 
rims, the relative young ca. 1.75 Ga dates obtained from igneous cores, and the 
occurrence of blurred and/or disrupted primary zoning likely reflects two phases of rim 
growth, including metamorphic rims represented by recrystallized igneous cores and new 
metamorphic rim growth.  Cores and rims yielded similar ranges in U concentrations 
from 69 to 1301 ppm, and Th/U ratios of 0.07 to 1.30.  In general, a coherent relationship 
between U concentration, Th/U and 207Pb/206Pb dates was not observed for this sample.   
 
Xenolith #10167 – Metabasite 
Ten zircons recovered from metabasite xenolith #10167 range in size from 80 to 
170 "m, are equant to elongate with angular margins and transparent and colourless (Fig 
2.4E).  In SEM-CL (colour), the zircons are light grey and exhibit mottled to weak 
oscillatory zoning.  Four of the zircons recorded six 207Pb/206Pb dates spanning 1845 ± 79 
Ma to 1653 ± 129 Ma, U concentrations of 12 to 143 ppm and Th/U ratios of 1.01 to 7.95.  
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All six rim analyses reported a mean age of 1743 ± 47 (2#, MSWD = 3.0, probability of 
fit = 1%). 
 
Xenolith #10168 – Metatonalite/anorthosite 
A total of 100 zircons were recovered from metatonalite/anorthosite xenolith 
sample #10168, and are the largest zircons from either of the two xenolith suites, with 
their sizes ranging from 110 to 430 "m.  These are commonly equant, with rounded to 
angular margins, transparent and colourless to pink.  In SEM-CL (colour), the zircons 
exhibited a wide range of morphological textures, including light grey oscillatory zoned 
or dark grey mottled igneous cores, which are commonly mantled by light to dark grey, 
unzoned to weakly mottled metamorphic rims (Figs. 2.4F, G).  A large number of zircons 
exhibited evidence of recrystallization, including disrupted primary zoning and blurred or 
faded zoning along the core-rim boundary, or within metamorphic rims.  Zircon cores 
yielded 207Pb/206Pb dates spanning 2982 ± 38 Ma to 1731 ± 51 Ma and U concentrations 
of 54 to 2492 ppm, with only two results having greater than ~ 175 ppm U.  Zircon rims 
recorded 207Pb/206Pb dates between 2425 ± 52 Ma to 1637 ± 49 Ma, with only one rim 
result older than 1790 ± 57 Ma.  A precise mean age was not interpreted as 12 of 14 rim 
analyses reported a mean age of 1706 ± 29 (2#, MSWD = 4.6, probability of fit = 0%).  
The large range in the 207Pb/206Pb dates, combined with evidence of recrystallization, 
suggests two generations of metamorphic rims, including one representing recrystallized 
igneous cores and the other new metamorphic rim growth.  The U concentration of 
metamorphic rims ranged from 32 to 144 ppm.  In general, a relationship was observed 
between cores-rims and Th/U ratios, with the zircon cores commonly reporting Th/U 
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ratios less than 0.95, with only one core having a Th/U ratio of 0.99, and zircon rims 
having Th/U ratios greater than 0.95 (up to 3.60). 
 
Xenolith #10169 – Metabasite 
Approximately 50 zircons were obtained from the metabasite xenolith #10169, 
with their sizes ranging from 90 to 320 "m.  The zircons are equant with angular margins, 
transparent and colourless.  In SEM-CL (colour) these are commonly characterized by 
dark to light grey, unzoned to mottled metamorphic zircons, similar to the rim textures 
described in previous samples (Fig. 2.4H).  The dates varied widely, with 207Pb/206Pb 
dates between 2092 ± 61 Ma and 1676 ± 18 Ma.  Given this wide range it was not 
possible to calculate a single mean age.  In addition, U concentrations and Th/U ratios 
ranged between 22 to 797 ppm and 0.34 to 2.63 for rims, respectively. 
 
Xenolith #10179 – Metabasite 
Approximately 25 zircons were recovered from metabasite xenolith #10179, with 
zircon sizes ranging from 110 to 340 "m.  These are mostly elongate with angular 
margins, transparent and colourless to brown.  In SEM-CL (colour), the zircons exhibited 
a wide range of morphological textural features, which include light grey to grey, 
unzoned to weakly mottled internal zoning, and grey to dark grey, mottled to oscillatory 
zoned zircon (Fig. 2.4I).  These recorded 207Pb/206Pb dates between 1962 ± 70 Ma and 
1698 ± 34 Ma, U concentrations of 34 to 135 ppm, and Th/U ratios of 0.67 to 1.81.  In 
general, it was not possible to distinguish whether these textural differences could be 
categorized as representing zircon cores or rims on the basis of zircon ages and chemistry, 
and given the wide range in 207Pb/206Pb dates, a single mean age could not be interpreted. 
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 2.5.3 Intermediate 207Pb/206Pb dates and Spatially Correlated Micro-textures 
A broad range of zircon 207Pb/206Pb dates were reported for both xenolith suites, in 
particular those containing core and rim morphological textures.  Although zircon cores 
commonly yielded U-Pb dates older than 2.6 Ga for xenoliths #9865, #10158, #10164 and 
#10168, and ca. 2.0–1.9 Ga for xenolith #9864, and rims from all samples were typically 
younger than ca. 1.8 Ga, there is some overlap between the U-Pb dates obtained from 
cores and rims.  These overlapping dates consist of cores with considerably younger 
207Pb/206Pb dates and rims with older 207Pb/206Pb dates than those acquired from 
equivalent SEM-CL zones within the same zircon, or an alternate zircon within the same 
sample (Fig. 2.3D).  During SHRIMP U-Pb analysis, an attempt was made to replicate 
these overlapping 207Pb/206Pb results by analyzing an adjacent or similarly textured SEM-
CL zone.  Examples include xenolith #9865 from the Rankin Inlet suite, with replicate 
attempts of cores yielding 207Pb/206Pb dates as young as 1785 ± 58 Ma and rims as old as 
2909 ± 92 Ma (Fig. 2.5), and xenolith #10164 (Repulse Bay suite) with cores having 
207Pb/206Pb dates as young as 1766 ± 10 Ma (Fig. 2.6).  In general, a broad correlation 
exists between these intermediate results and significant, within-run Pb variability during 
SHRIMP U-Pb analysis, as demonstrated by the higher than normal analytical 
uncertainties and apparent negative discordance. 
A small number of these intermediate results are reported from zircon cores with 
distinctively blurred internal zones in SEM-CL.  These are characterized by poorly 
defined textural features that are “faded” in appearance, but broadly equivalent to those of 
adjacent well-defined SEM-CL textural zones.  We suggest that these blurred zones and 
the corresponding intermediate U-Pb results represent partially recrystallized zones, 
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Figure 2.5. Concordia diagram of U-Pb results from xenolith #9865 of the Rankin Inlet 
lower crustal xenolith suite. Igneous zircon cores form a cluster at ca. 2.7 Ga and 
metamorphic rims form a tight group at ca. 1.75 Ga, while a large number of near 
concordant intermediate U-Pb results plot between these two end-members. (A-B) Colour 
cathodoluminescence (including ultraviolet light) SEM images of zircons from this 
xenolith, with SHRIMP 207Pb/206Pb results (Ma) and associated 2! analytical 
uncertainties.  These images demonstrate the distinctive variability of the U-Pb 
intermediate results within a single igneous zircon core, grain 3 (A), and within a 
relatively uniform and unzoned metamorphic rim textured zircon, grain 14 (B). 
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Figure 2.6. Concordia diagram of U-Pb results from xenolith #10158 of the Repulse Bay 
lower crustal xenolith suite. Igneous zircon cores have a minimum age of ca. 2.9 Ga and 
metamorphic rims form a group at ca. 1.75 Ga. A large number of near concordant 
intermediate U-Pb results plot between these two end-members. (A-B) Colour 
cathodoluminescence (including ultraviolet light) SEM images of zircons from this 
xenolith, with SHRIMP 207Pb/206Pb results (Ma) and associated 2! analytical 
uncertainties. These images demonstrate the distinctive variability of the U-Pb 
intermediate results within an oscillatory zoned igneous zircon core, grain 7 (A), and an 
oscillatory zoned igneous core mantled by a uniform and unzoned metamorphic rim, 
grain 22 (B).  
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which retained older radiogenic Pb.  All other intermediate results occur in mostly well-
preserved zircon cores and rims, with no identifiable evidence of disturbed textural 
features (i.e., disrupted internal zoning).  However, inspection of these zones using high-
magnification SEM-CL (up to 2500X magnification) exposed irregular, vermiform 
networks which cross-cut primary growth banding (Fig. 2.7). 
 
2.5.4 Trace Element Geochemistry 
We measured the trace element composition of zircon to test interpretations of 
crystal growth environments based on morphological and CL zoning features (i.e., 
igneous cores and metamorphic rims) and assess the crystallization histories of the 
metamorphic minerals relative to zircon.  A total of 129 SHRIMP trace element analyses 
were performed on zircon from the two xenolith suites, 58 for the Rankin Inlet suite and 
71 for the Repulse Bay suite (Appendix B).   
For the Rankin Inlet suite, metamorphic cores from sample #9864 and igneous 
cores from sample #9865 yielded Y abundances of 45–474 ppm (average 200 ppm) and 
319–1232 ppm (average 661 ppm), respectively.  Metamorphic rims contained 
significantly lower Y concentrations of 27–65 ppm (average 47 ppm) for #9864 and 45–
544 ppm (average 213 ppm) for #9865 (Fig. 2.8A).  The Hf abundances of cores and rims 
from #9864 and #9865 only weakly varied, with cores ranging between 7244–13914 ppm 
(average 10976 ppm) for #9864 and 4523–12778 ppm (average 7544 ppm) for #9865, and 
corresponding rims having ranges of 10003–12649 ppm (average 11267 ppm) and 6502–
9561 ppm (average 8563 ppm), respectively.  Similar Y and Hf concentrations were 
obtained for metamorphic rim zircons from samples #9866 and #9870, with #9866 having 
44–109 ppm (average 76 ppm) Y and 4123–8607 ppm (average 7444 ppm) Hf, and three 
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Figure 2.7. Colour cathodoluminescence (including ultraviolet light) SEM images (A, B, 
C, E) and secondary electron SEM images (D, F) of a single zircon crystal (#22) from 
xenolith #10158 of the Repulse Bay lower crustal xenolith suite, with SHRIMP 
207Pb/206Pb results (Ma) and associated 2! analytical uncertainties. (A) This oscillatory 
zoned igneous zircon core yields intermediate 207Pb/206Pb results, and is mantled by a ca. 
1.75 Ga unzoned metamorphic zircon rim. Detailed CL imaging at 1300X magnification 
within the igneous zircon core (B) reveals a network of irregular, vermiform features that 
cross-cut primary textural banding. Further inspection in SEM-CL and SEM-SE of pit #4 
(C, D) and pit #1 (E, D) demonstrates the absence of present-day fractures or changes in 
surface topography associated with such features, and suggests these features represent 
annealed fractures. 
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Figure 2.8. Trace element geochemistry of zircon from the Rankin Inlet lower crustal 
xenolith suite. (A) Yttrium versus 207Pb/206Pb results (Ma), including the distinctive 
yttrium compositions of metamorphic rims from all xenoliths. (B) Chondrite-normalized 
(Sun and McDonough, 1989) plots exhibiting distinction between cores and rims from the 
xenoliths #9864 and #9865. 
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analyses from #9870 yielding Y concentrations of 31–50 ppm (average 39 ppm) and Hf 
abundances of 6459–7425 ppm (average 6943 ppm).  Although the U/Yb ratios of zircon 
varied significantly between samples (0.2–55.2), no significant differences in U/Yb were 
identified between cores and rims.  Zircon rims from all four samples report $HREE 
concentrations and (Lu/Gd)N ratios that are significantly lower than those of older cores 
(Fig. 2.8B).  No significant differences were identified in $LREE, (Sm/La)N, Ce/Ce* and 
Eu/Eu* between cores and rims.  Zircons from all four xenoliths exhibit moderate to 
strong Ce anomalies, Ce/Ce* = 3–200, and weak to moderate Eu anomalies, Eu/Eu* = 0.1–
0.9. 
For the Repulse Bay lower crustal xenolith suite, significant differences in Y 
concentrations were identified between the older igneous cores and the younger 
metamorphic rims.  The Y concentrations of the igneous cores ranged from 319–1062 
ppm (average 557 ppm) for sample #10158, 207–2436 ppm (average 1141 ppm) for 
#10164, and 35–970 ppm (average 309 ppm) for #10168, with the corresponding 
metamorphic rims having abundances of 35–93 ppm (average 55 ppm), 71–104 ppm 
(average 85 ppm), and 14–307 ppm (average 190 ppm), respectively (Fig. 2.9A).  No 
distinctions in Hf were recognized between cores and rims of xenoliths #10158 and 
#10168, with cores yielding 9662–17153 ppm (average 13478 ppm) for xenolith #10158 
and 7425–15457 ppm (average 9508 ppm) for xenolith #10168, and rims ranging from 
11481–15056 ppm (average 12597 ppm) and (average 9802 ppm), respectively.  The 
U/Yb ratios of cores and rims only varied slightly for these two xenoliths, with #10158 
having cores ranging between 1.4–49.7 (average 14.4) and rims ranging between 3.5–88.4 
(average 16.7), and #10168 cores having values of 0.6–14.2 (average 4.4) and rims 
having values of 0.9–51.7 (average 8.0).  In contrast, Hf varied significantly between 
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Figure 2.9. Trace element geochemistry of zircon from the Repulse Bay lower crustal 
xenolith suite. (A) Yttrium versus 207Pb/206Pb results (Ma) for cores and rims from 
xenoliths #10158, #10164 and #10168.  Note the distinctive yttrium compositions of the 
metamorphic rims. (B) Chondrite-normalized (Sun and McDonough, 1989) plots 
exhibiting distinction between cores and rims for zircons from xenoliths #10158 and 
#10168. 
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cores and rims from xenolith #10164, with cores ranging from 6781–11814 ppm (average 
8631 ppm) and rims ranging from 10601–14706 ppm (average 13319 ppm).  Similarly, 
the U/Yb ratios from xenolith #10164 ranged between 0.3–9.3 (average 2.7) for cores, 
and 13.4–78.2 (average 55.4) for rims.  
Metamorphic rims from xenoliths #10163, #10167, #10169 and #10179 had Y and 
Hf concentrations ranging between 27–226 ppm and 5627–11970 ppm, respectively, with 
only one Hf analysis lower than 7227 ppm (#10179).  Meanwhile, these yielded U/Yb 
ratios of 56.5–84.4 for xenolith #10163 and 1.6–34.3 for xenoliths #10167, #10169 and 
#10179.  Metamorphic zircon from all seven xenoliths yielded significantly lower 
$HREE and (Lu/Gd)N ratios than those of older igneous cores from xenoliths #10158, 
#10164 and #10168 (Fig. 2.9B).  Distinction in $LREE was recognized between cores 
and rims of #10158 and #10168, with cores ranging between 10.3–20.2 ppm (average 
14.3 ppm) for #10158 and 2.9–19.2 ppm (average 9.1 ppm) for #10168, and rims having 
ranges of 26.6–37.7 (average 33.3 ppm) and 6.6–19.5 (average 15.5 ppm), respectively.  
Differences in $LREE were not recognized between cores and rims of #10164, while all 
other metamorphic zircons exhibited only weak variation in $LREE.  No significant 
variations in (Sm/La)N, Ce/Ce* and Eu/Eu* ratios were identified between all cores and 
rims; however, weak distinctions existed between individual xenoliths.  All zircons from 
the Repulse Bay suite contained weak to moderate Ce-anomalies (Ce/Ce* = 2–268) and 
weak to moderate Eu-anomalies (Eu/Eu* = 0.1–1.0).  
 
2.5.5 Raman Spectroscopy Results 
 Raman spectra and associated FWHM values were obtained for zircons from the 
lower crustal xenolith suites (Appendix C).  FWHM values associated with the !3(SiO4) 
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zircon peak for the lower crustal zircons were compared to GSC zircon standards 6266 
and 1242 using "-dose estimates, based on Nasdala et al., (2001).  A suite of FWHM 
values and "-dose estimates of ca. 550 Ma zircons from Sri Lanka (Nasdala et al., 2004) 
were also used for comparison.  Three "-dose estimates were calculated for each FWHM 
value, based on (a) the associated 207Pb/206Pb date, (b) ca. 1750 Ma – the approximate age 
for most metamorphic rims reported here, and (c) the kimberlite emplacement age – ca. 
200 Ma for Rankin Inlet (Zurevinski et al., 2008) and ca. 550 Ma for Repulse Bay, 
estimated here using an age of 558 Ma for the nearby Aviat kimberlite field (Scott Smith, 
2008) (Figs. 2.10, 2.11).  
 
2.6. Discussion 
2.6.1 Assessment of Xenolith Origin Prior to Kimberlite Emplacement 
 Raman spectroscopy was employed to assess the degrees of accumulated radiation 
damage in zircon from the lower crustal xenoliths, and their approximate placement in the 
crust at the time of kimberlite magmatism.  Accumulated radiation damage is commonly 
identified in zircon that has resided in a near-surface environment (< ~200°C) for a 
prolonged period (Ewing, 1994).  Such damage is often accompanied by a process of 
metamictization, which includes amorphization of the crystal structure, fracturing and 
radiogenic Pb-loss (Ewing, 1994; Cherniak and Watson, 2001; Nasdala et al., 2010).  
Previous Raman spectroscopy studies of zircon affected by this process of 
metamictization (Nasdala et al., 1995, 2001) report broadening of the !3(SiO4) zircon 
peak, and larger associated FWHM values (up to 30 cm-1), with increased levels of 
accumulated radiation damage and metamictization.  At higher temperatures (> ~200°C), 
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Figure 2.10. Raman spectroscopy, FWHM results of zircon from the Rankin Inlet (RI) 
and Repulse Bay (RB) lower crustal xenolith suites and GSC zircon standards 6266 and 
1242, including estimated &-doseages using Nasdala et al. (2001) for: (A) the measured 
207Pb/206Pb date, (B) ca. 1750 Ma – the approximate age of the metamorphic rims.  A 
calibration line is shown using the FWHM and &-dose results for ca. 550 Ma Sri Lankan 
zircons from Nasdala et al. (2004).  
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Figure 2.11. Raman spectroscopy, FWHM results of zircon from the Rankin Inlet (RI) 
and Repulse Bay (RB) lower crustal xenolith suites and GSC zircon standards 6266 and 
1242, including estimated &-doseages using Nasdala et al. (2001) for the approximate 
kimberlite emplacement ages (A), with (B) demonstrating the wide, inter-sample range in 
results for some xenoliths.  A calibration line is shown using the FWHM and &-dose 
results for ca. 550 Ma Sri Lankan zircons from Nasdala et al. (2004).   
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zircon undergoes partial self-annealing and retains high-degrees of crystallinity, with low 
associated FWHM values (~ 4–5 cm-1) (Nasdala et al., 2001). 
To assess the approximate exposure lengths of low-temperature radiation damage 
for the zircons examined here, "-dose estimates were calculated for the associated 
207Pb/206Pb dates (Fig. 2.10A), the approximate age of metamorphic rim growth at 1750 
Ma (Fig. 2.10B) and the associated kimberlite emplacement ages (Figs. 2.11A, B).  A 
systematic relationship is defined by the FWHM and "-dose estimate results for the GSC 
zircon standards 6266 and 1242, and the ca. 550 Ma Sri Lankan zircons reported by 
Nasdala et al. (2004); this is used as a calibration line to test against the results from the 
Rankin Inlet and Repulse Bay xenolith suites.  Zircon "-dose calculations using 
associated 207Pb/206Pb dates and an age of ca. 1750 Ma for two xenolith suites commonly 
overestimate "-dosages, in comparison to the calibration line defined by 6266, 1242 and 
the Sri Lankan zircon results.  Whereas, "-dose estimates using the associated kimberlite 
emplacement ages of ca. 200 Ma (Rankin Inlet) and ca. 550 Ma (Repulse Bay) form an 
array of results that broadly correlate with the 6266, 1242 and Sri Lankan zircon 
calibration line – with only a small portion of results outside of the calibration line.  
However, it is unlikely that these outlying FWHM and "-dose estimate (kimberlite age) 
results represent a xenolith dependent process (i.e., earlier exposure to radiation damage) 
because other results from the same xenolith plot within or in proximity to the calibration 
line (Fig. 2.11B).  Alternatively, it is likely that these anomalous results reflect either (a) 
post-emplacement, localized, fluid-assisted alteration and accelerated accumulated 
radiation damage, and/or (b) difficulties in determining accurate "-dose estimates for the 
associated Raman analyses due to high-variability in U and Th concentrations within the 
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zircon structure.  Additional Raman and U and Th measurements are necessary to further 
understand the significance of these anomalous results.  Overall, the relationship between 
the 6266, 1242 and Sri Lankan zircon calibration line and the Rankin Inlet and Repulse 
Bay, FWHM and "-dose estimate (kimberlite age) results suggests the latter were 
exposed to temperatures greater than ~200°C prior to their respected kimberlite 
emplacement ages.  This information, combined with other information implying a lower 
crustal origin for the xenoliths (i.e., granulite-facies, metamorphic mineral assemblages, 
granoblastic textures and nodular xenolith shapes – similar to mantle xenoliths and 
implying long kimberlite transport distances) suggests the xenolith samples likely resided 
in the middle to lower crust at the time of kimberlite emplacement. 
 
2.6.2 Interpretation of the Intermediate U-Pb Results: ca. 1.75–1.70 Ga Thermally 
Induced Pb-disturbance 
A large number of analyses yield model 207Pb/206Pb dates between ca. 2.60 Ga and 
1.90 Ga, which define discordant arrays between primary core ages and the age of 
metamorphic rim growth at ca. 1.75–1.70 Ga.  These intermediate U-Pb results are 
interpreted to be the result of partial Pb-loss processes, the details of which are a subject 
of a concurrent investigation (Chapter 4).  They are commonly spatially associated with 
partially recrystallized zircon cores or micro-structures, with the latter likely representing 
annealed fractures, 10 to 100 nanometers wide (Fig. 2.7).  Zircon cores that contained 
these annealed fractures and produced intermediate U-Pb results also were characterized 
by high, within-run Pb-variability and high analytical uncertainties, which suggests the 
nanometer-scale fractures assisted in the removal of radiogenic Pb from fractured regions 
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in the zircon.  Unlike modern fractures, the nanometer-scale, annealed fractures are not 
spatially correlated with changes in polished grain surface topography in SEM-SE, and do 
not trend into the ca. 1.8–1.65 Ga metamorphic zircon rims, which suggests fracturing 
occurred pre- or syn-zircon growth at ca. 1.75–1.70 Ga.  The SEM-SE images also 
demonstrate that these features do not result from imperfections (i.e., polishing scratches) 
on the sample surface. 
Similar features have been recognized in zircon affected by low-temperature 
metamictization, albeit on a large scale.  Increased radiation accumulation and associated 
damage to the zircon crystal structure in a near-surface environment (< ~200°C), induces 
amorphization (Ewing, 1994) and volume-induced fracturing of the zircon crystal 
(Nasdala et al., 2010).  These fractures serve as Pb-diffusion pathways (Cherniak and 
Watson, 2001), resulting in expulsion of radiogenic Pb from the zircon core – which is 
often assisted by the presence of fluids.  Exposure to subsequent high-temperature 
thermal conditions would then anneal such fractures, recrystallizing the amorphous 
species into crystalline zircon (Nasdala et al., 2005).  The U-Pb analysis of zircon 
affected by metamictization can produce an array of discordant U-Pb ages between the 
primary crystallization age and the Pb-loss event (Nasdala et al., 2010); suggesting a 
process of Pb-loss associated with metamictization.  However, in addition to the features 
described above, significant modifications to the chemical composition of affected zones 
often accompanies metamictization, including the addition of P, Ca, Fe, Ba and Y, and a 
distinctive increase in (L)REE – in particular highly elevated and flattened LREE, with 
low (Sm/La)N ratios (Geisler et al., 2003; Hoskin, 2005).  No such correlation was 
identified between the intermediate U-Pb results reported for zircons from the Rankin 
Inlet and Repulse Bay lower crustal xenolith suites and chemical changes that commonly 
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accompany metamictization.  In the absence of significant increases in Ba, Y, and 
(L)REE, an alternate explanation is necessary to explain the textural features identified in 
zircon zones that produced these intermediate U-Pb results. 
Previous U-Pb geochronology studies of Pb-mobility in granulite-facies zircon 
have documented similar Pb-disturbance during exposure to high-temperature 
metamorphism (McFarlane et al., 2005; Davis et al., 2008; Moser et al., 2009; Flowers et 
al., 2010).  Although Pb-mobility has previously been reported in zircon exposed to high-
grade metamorphism, similar fine-scale fracturing and associated chemical alteration of 
zircon has recently been documented for lower crust zircon from the Kapuskasing uplift 
(Bowman et al., 2011).  Such combined behavior of nanometer-scale fracturing and Pb-
mobility has not yet been discovered in zircons from other lower crustal xenoliths.  We 
suggest that a process of high-temperature metamorphism in the deep crust, during the 
initial stages of ca. 1.75–1.70 Ga metamorphic zircon growth, was responsible for the 
nanometer-scale fracturing and accompanied Pb-disturbance.  While our results do not 
provide evidence to support any single formation mechanism, their formation may be 
related to a broad range of processes, including (a) strain induced fracturing of zircon in a 
semi-ductile lower crust setting, and (b) fluid-driven pressurization and subsequent 
cracking/fracturing during influx of external fluids, either from mantle-derived melts 
and/or exposure to upper crustal fluids.  Approximately, 80% of the zircons in the 
xenolith suites exhibit this Pb-disturbance phenomena; however, once recognized it was 
possible to identify domains that have not experienced this style of disturbance and which 
consequently preserve their original U-Pb isotopic and trace element compositions from 
which primary age information can be deduced.  
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2.6.3 Age Interpretations of the Lower Crustal Xenolith Suites 
The zircon U-Pb results from the Rankin Inlet and Repulse Bay lower crustal 
xenolith suites provide new age constraints on the lower crust beneath the western 
Churchill province.  One metabasite xenolith from the Rankin Inlet suite (#9865) and 
three metatonalite/anorthosite xenoliths from the Repulse Bay suite (#10158, #10164 and 
#10168) contain igneous cores with dates older than 2.60 Ga, with one of these xenoliths 
(#10164) yielding dates up to ca. 3.50 Ga.  In addition, metamorphic cores from one 
metabasite xenolith from the Rankin Inlet lower crustal xenolith suite yielded dates 
between ca. 2.00–1.90 Ga (#9864).  Metamorphic rims were also identified in all five of 
these metabasite and metatonalite/anorthosite xenoliths and have mean ages between ca. 
1.75–1.70 Ga.  On the basis of this age, textural and compositional information we 
suggest that these xenoliths represent one > ca. 2.60 Ga basaltic/gabbroic protolith 
(#9865), three > ca. 2.60 Ga tonalite/anorthosite protoliths (#10158, #10164 and #10168), 
and one ca. 2.00–1.90 Ga metabasite protolith (#9864), which were exposed to thermal 
metamorphism and metamorphic rim growth at 1.75–1.70 Ga.  Two generations of 
metamorphic rims were identified, with one reflecting partial to complete recrystallization 
of igneous cores with relict or faded zoning and the other representing new metamorphic 
rim growth with defined core rim boundaries.  On the basis of U-Pb dates and textural 
properties of the metamorphic rims, it was not always possible to distinguish between the 
two metamorphic rim generations; therefore, it is uncertain whether core recrystallization 
immediately preceded or occurred synchronously with new metamorphic rim growth.  
However, these two metamorphic zircon growth events appear to be contemporaneously 
related to the same ca. 1.75 Ga thermal metamorphic event.  The broad similarity in the 
age and texture of metamorphic rims from all four xenoliths from the Rankin Inlet suite 
54
and all eight xenoliths from the Repulse Bay suite suggests metamorphic zircon growth 
was likely initiated by regional-scale thermal metamorphism in the lower crust at ca. 1.75 
Ga. 
 
2.6.4 Implications for Archean and Proterozoic Protolith Formation and Age 
Comparisons Between the Upper and Lower Crust 
The U-Pb results from > ca. 2.6 Ga igneous cores from the two lower crustal 
xenolith suites broadly correlate with the crystallization ages of surface rocks in the Rae 
province and Chesterfield domain, which comprise 2.74–2.67 Ga ages for volcanic-
sedimentary supracrustal rocks, and 2.68–2.65 Ga and 2.61–2.58 Ga ages for granitoid 
rocks (Skulski et al., 2003; Davis et al., 2006; Berman et al., 2007; Martel et al., 2008).  
The combination of these age associations between surface rocks and the lower crustal 
xenoliths, and the preservation of igneous zircon cores with distinctive oscillatory internal 
zoning, suggests that the protoliths for these lower crustal xenoliths either represent deep-
seated, mantle-derived tonalitic/anorthositic to gabbroic magmas injected into the lower 
crust or emplaced at shallower levels and subsequently transported to the lower crust. 
A small number of zircon cores record U-Pb ages significantly older than those of 
the surface rocks described above.  These include xenolith #9865 from the Rankin Inlet 
suite with ages up to 2.90 Ga, and xenoliths #10158, #10164 and #10168 from the 
Repulse Bay suite, which yield minimum ages of ca. 2.90, 3.50 and 3.00 Ga, respectively.  
Although ca. 2.75–2.60 Ga represents the most common crystallization age for surface 
rocks in the western Churchill province, inheritance or local presence of Eoarchean to 
Mesoarchean crust is documented in a number of locations, mostly within the Rae 
province.  The oldest material known from the Rae province is an inherited zircon age of 
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4043 ± 10 Ma from the ca. 2.67 Ga Super Mario megacrystic granite (Martel et al., 2008).  
Numerous early Archean ages have been reported from the Beaverlodge belt of northern 
Saskatchewan, with xenocrystic zircon ages of up to 3.78 Ga from plutonic rocks 
(Hartlaub et al., 2005), two detrital zircon populations of 3.63 and >3.75 Ga from 2.63–
2.77 Ga sedimentary rocks (Hartlaub et al., 2004), and two granites from the Murmac Bay 
group with interpreted crystallization ages of ca. 3.00 Ga (Hartlaub et al., 2004).  West of 
the Repulse Bay region, detrital zircons from the Prince Albert Group record ages up to 
3.70 Ga (Skulski et al., 2003).  In the southern Hearne province, ages of inherited zircons 
from a ca. 1.82 Ga monzogranite range between ca. 3.50–3.10 Ga (van Breeman et al., 
2005).  The inherited Paleoarchean and Mesoarchean ages reported for surface rocks in 
the western Churchill province broadly correlate with the ca. 3.50–2.75 Ga ages of 
igneous zircon cores from the Rankin Inlet and Repulse Bay lower crustal xenoliths, 
which likely reflects a common reservoir within the middle to lower crust, prior to 
widespread Neoarchean melt production.  The preservation of ca. 3.50 Ga igneous cores 
in xenolith #10164 and ca. 3.00–2.75 Ga igneous cores in xenoliths #9865, #10158 and 
#10168, combined with the occurrence of ca. 4.00–3.00 Ga inherited zircon within 
surface rocks, implies the deep crust beneath portions of the western Churchill province 
contains crustal segments that pre-date their equivalent upper crustal surface rocks, and 
represent the earliest fragments of initial craton formation.  These fragments remain at 
depth today. 
Zircon cores from xenolith #9864 from the Rankin Inlet area yield much younger 
U-Pb dates, up to ca. 2.00 Ga, with a large majority of these ranging between ca. 2.00–
1.90 Ga.  In SEM-CL these cores exhibit distinctive complex radial-sector zoning, 
characteristic of zircon growth in a high-temperature metamorphic environment (Corfu et 
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al., 2003).  The U-Pb results broadly correlate with metamorphic ages determined for 
surface rocks in the Chesterfield domain, in particular high-temperature/high-pressure 
metamorphic rocks along the Snowbird Tectonic Zone (Hanmer et al., 1995; Sanborn-
Barrie et al., 2001; Flowers et al., 2006; Berman et al., 2007; Mills et al., 2007).  During 
this phase of the Trans-Hudson Orogen, accretion of the Hearne province along the 
southern margin of the composite Rae province-Chesterfield domain resulted in regional-
scale, high-pressure thermal metamorphism (i.e., granulite-facies) and subsequent 
upwelling of such rocks to form the 1.92 Ga Snowbird tectonic zone (Berman et al., 
2007).  Given the extent of the Snowbird Tectonic Zone, which extends from northern 
Saskatchewan to Wager Bay, Nunavut, and the proximity of the Shear Minerals Ltd. 
Churchill Diamond Project to the northern portion of the Snowbird tectonic zone, this 
regional thermal metamorphism likely initiated transient heating of the adjacent lower 
crust and metamorphic zircon growth during ca. 2.00–1.90 Ga. 
 
2.6.5 Thermal Reworking of the Lower Crust at ca. 1.75 Ga 
 Ca. 1.75–1.70 Ga metamorphic zircons (rims and whole crystals) were ubiquitous 
throughout all lower crustal xenoliths from the Rankin Inlet and Repulse Bay suites.  
These exhibit distinctive high-intensity, light grey and unzoned textures in SEM-CL 
similar to those reported in other studies of high-temperature metamorphic zircons 
(Hoskin and Black, 2000; Martin et al., 2008), including overgrowth formation and zircon 
rims formed by solid-state recrystallization during granulite-facies metamorphism 
(Hanchar and Rudnick, 1995).  We suggest that a similar process of granulite-facies 
metamorphism, induced by thermal reworking of the lower crust, was responsible for ca. 
1.75–1.70 Ga metamorphic zircon growth.  Underplating of mantle-derived mafic 
57
magmas along the crust-mantle boundary is implied in order to provide sufficient heat to 
induce a regional-scale, thermal reworking event in the lower crust, including melting and 
metamorphism of the lower crust (Davis, 1997; Moser and Heaman, 1997) and solid-state 
zircon growth (Schmitz and Bowring, 2000).  Elsewhere, evidence of reworked lower 
crust, as induced by underplating of mantle-derived mafic magmas, is provided by lower 
crustal xenoliths from the Slave province, which record U-Pb zircon and titanite ages 
similar to the 1.27 Ga Mackenzie dyke swarm and associated mantle plume (Davis, 
1997), and from the Superior province, with U-Pb zircon ages broadly correlating with 
the onset of the ca. 2.45 Ga Matachewan mafic dyke swarm and Huronian supergroup 
continental rift sequence (Moser and Heaman, 1997).  The prevalence of ca. 1.75–1.70 Ga 
metamorphic zircon in all xenoliths from the Rankin Inlet and Repulse Bay lower crustal 
xenolith suites and the geographic extent that separates the two host kimberlite fields, 
provides evidence for a regionally extensive mafic magma underplating event at this time, 
likely along the crust-mantle boundary beneath the western Churchill province (Fig. 
2.12). 
On the present-day surface, some evidence exists for rocks formed between ca. 
1.75–1.70 Ga by regional underplating of mantle-derived magmas (i.e., emplacement of 
alkaline mafic and/or felsic magmas).  These exposures are limited to the 1.76–1.75 Ga 
Nueltin granites and the ca. 1.76–1.70 Ga Dubawnt Supergroup (Peterson, 2006), which 
formed in an intracratonic setting following amalgamation of the western Churchill 
province with the Sask and Superior cratons during the Trans-Hudson Orogen (e.g., St-
Onge et al., 2007).  Potassic and ultrapotassic magmas of the Dubawnt Supergroup mark 
a significant transition from post-collisional plutonism to intracratonic extensional 
faulting and associated magmatism, with localized occurrence of minette and lamproite 
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Figure 2.12. Crustal cross-section of the western Churchill province between the 
kimberlite fields that host the Rankin Inlet and Repulse Bay lower crustal xenolith suites 
(~ 450 km). Zircon U-Pb geochronology indicates a heterogeneous granulite-facies lower 
crust, containing igneous zircon cores (illustrated here: #9865 – Rankin Inlet, #10164 – 
phase I Repulse Bay, and #10168 – phase II Repulse Bay), metamorphic zircon cores 
(illustrated here: #9864 – Rankin Inlet), and metamorphic zircon rims (illustrated here: 
#9866 – Rankin Inlet, and #10169 – Repulse Bay). Extensive growth of ca. 1.75–1.70 Ga 
metamorphic zircon rims was likely caused by transient heating of the lower crust during 
underplating of mantle-derived magmas along the crust-mantle interface. STZ – 
Snowbird Tectonic Zone. Crustal structures based on Jones et al. (2002), Berman et al. 
(2007), Darbyshire and Eaton (2010), Thompson et al. (2010) and Bastow et al. (2011). 
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dykes indicative of metasomatism and partial melting of the upper mantle, followed by 
extensive sedimentary basin formation in the Athabasca and Thelon basins (Peterson, 
2006).  In addition to these exposures, plutonic and metamorphic rocks from Melville 
peninsula, including Repulse Bay in the southern portion of the peninsula, have 
hornblende K-Ar cooling ages of ca. 1.75–1.70 Ga (Canadian Geochronology 
Knowledgebase; http://gdr.nrcan.gc.ca/geochron/index_e.php), suggesting a crustal-scale 
Ar-resetting in the region that coincides with lower crustal reworking at ca. 1.75 Ga. 
Recent teleseismic (Thompson et al., 2010; Bastow et al., 2011) and previous 
combined magnetotelluric/teleseismic (Jones et al., 2002) geophysical studies in western 
Churchill province have provided insight into the structure and composition of the 
lithosphere beneath the surface (Fig. 2.12).  These geophysical studies suggest a Moho 
depth that varies by up to 3 km between Rankin Inlet and Repulse Bay, with depths 
ranging from approximately 37 km below Rankin Inlet and Repulse Bay and 34 km 
below Wager Bay (Fig. 2.12; Thompson et al., 2010).  In order to preserve and/or create 
topography along the crust-mantle boundary we suggest a process of localized magma 
generation within the upper mantle, rather than vertical, plume-like magma emplacement, 
is required at ca. 1.75–1.70 Ga. 
Constraints on the composition of the crust were determined by Thompson et al. 
(2010) through velocity estimates (Vp/Vs ratios).  They indicate the bulk crust below the 
Rankin Inlet region is dominated by intermediate to mafic rocks, and the Repulse Bay 
region, by felsic to intermediate rocks; which is consistent with the compositional data 
presented here for the Rankin Inlet (i.e., metabasite) and the Repulse Bay (i.e., metabasite 
and metatonalite/anorthosite) lower crustal xenolith suites.  It is the case, however, that 
these bulk compositional data for the Repulse Bay region are not consistent with the 
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occurrence of metabasite rocks in the lower crust, as well as the suggestion of ca. 1.75–
1.70 Ga underplating of mafic magma along the base of the crust.  One possible 
explanation for this discrepancy between the xenolith suite and the bulk composition 
estimates is a thin mafic-dominated layer exists along the crust-mantle boundary.  
Seismic anisotropy experiments in the western Churchill province (Bastow et al., 2011) 
have identified a distinct anisotropic fabric within the lithosphere below the Repulse Bay 
region, which is interpreted to reflect preservation of tectonic fabrics induced during ca. 
2.7 Ga rifting.  While preservation of such an Archean fabric is reasonable, another 
possible cause of this fabric could be development during ca. 1.75–1.70 Ga magma 
underplating along the crust-mantle boundary.  
No direct evidence exists in the western Churchill province for widespread 
emplacement of mantle-derived magmas related to underplating along the crust-mantle 
boundary at ca. 1.75 Ga.  Nonetheless, we speculate that the ca. 1.76–1.75 Ga Nueltin 
granites and the ca. 1.76–1.70 Ga Dubawnt Supergroup, which represent intracratonic 
magmatism and extensional basin formation, are indicative of such underplating.  An 
exact cause of this putative underplating at ca. 1.75 Ga in this region cannot be identified 
at this time, except to note that localized magma generation in the upper mantle is 
required to preserve or induce topography along the crust-mantle boundary.  Disparity 
between the youngest ages of zircon from the Rankin Inlet and Repulse Bay lower crustal 
xenolith suites (up to ca. 1.70 Ga) and those from the 1.76–1.75 Ga Nueltin granites and 
1.76–1.70 Dubawnt supergroup likely reflects a thermal lag between an insulated lower 
crust and a cooler upper crust.  The low $HREE and (Lu/Gd)N ratios of ca. 1.75–1.70 Ga 
metamorphic zircon rims, in comparison to the elevated values of corresponding older 
igneous zircon cores, suggests garnet crystallization occurred pre-to syn-zircon growth at 
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ca. 1.75 Ga; therefore, indicating that the regional lower crustal reworking event resulted 
in granulite-facies metamorphic conditions. 
 
2.7. Conclusions 
 Zircon U-Pb results for the Rankin Inlet and Repulse Bay lower crustal xenolith 
suites provide additional constraints on the age and thermal evolution of the lithosphere 
beneath the western Churchill province.  These U-Pb results indicate initial crust 
formation at ca. 3.50 Ga and extending until ca. 2.60 Ga.  At ca. 2.00–1.90 Ga, localized 
reworking of the lower crust proximal to the Rankin Inlet area was initiated by 
amalgamation of the Hearne domain to the composite Rae-Chesterfield domains and 
associated high-temperature regional metamorphism to form 1.92 Ga Snowbird Tectonic 
Zone.  Metamorphic zircon growth at ca. 1.75–1.70 Ga reflects regional magmatic 
underplating along the crust-mantle boundary and associated reworking of the lower crust 
within an intracratonic extentional setting. 
Our study demonstrates the valuable geodynamic information that can be recorded 
in zircons recovered from lower crustal xenoliths.  Such zircons can contain a record of 
craton evolution that includes early Archean craton formation, thermal reworking of the 
lower crust during orogenesis and periods of post-orogenic extension.  This information 
contributes greatly to our overall understanding of the age and evolution of the Archean 
lithosphere during a prolonged and complex tectonothermal history. 
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Chapter 3. Petrogenetic evolution of the lower crust beneath portions of the western 
Churchill province in the Canadian Shield: SIMS oxygen isotopes of zircon from 
lower crustal xenoliths, Nunavut, Canada  
 
3.1. Introduction 
 The oxygen isotope compositions of metamorphic zircons measured through 
Secondary Ion Mass Spectrometry (SIMS) can provide valuable petrogenetic information 
regarding protolith fluid-rock interaction, including equilibration with mantle-derived or 
crustal-derived melts/fluids at the time of zircon crystallization.  Coupling petrogenetic 
information derived from oxygen isotope ratios with zircon U-Pb ages and trace element 
data can suggest the relative timing of such protolith fluid-rock interaction (Moser et al., 
2008; Bowman et al., 2011).  The oxygen isotope compositions of Precambrian 
metamorphic zircons can provide especially valuable insight into processes of burial and 
melting of surface-derived continental crust during the Archean (Valley, 2003).  
Combined oxygen isotope data and U-Pb geochronology for Earth’s oldest igneous and 
metamorphic zircons have previously yielded a large array of 18O-enriched compositions 
(relative to zircon with mantle-like compositions), which suggests the onset of tectonic 
recycling processes as early as ca. 4.40 Ga (Peck et al., 2001; Valley, 2003). 
Because of zircon’s low ionic diffusivities and resistance to recrystallization, U-
Pb ratios, stable isotope ratios, and major and trace element compositions commonly 
remain intact within the zircon crystal structure even during prolonged thermal 
metamorphism (Martin et al., 2008; Moser et al., 2008).  This retention has been widely 
documented in zircon from granulite-facies rocks (Valley et al., 1994; Peck et al., 2003; 
Valley, 2003; Page et al., 2007; Moser et al., 2008; Lancaster et al., 2009).  Moser et al. 
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(2008) examined such retention in zircon from granulite-facies paragneiss within the 
Kapuskasing Structural zone of the Superior province.  These zircons record multiple 
episodes of craton formation in the Archean, including early-arc genesis, erosion and 
sediment transportation/burial into the lower crust, and subsequent high-grade granulite 
metamorphism in the lower crust.  Zircons also contain signatures of post-cratonization 
intraplate magmatism and associated rifting during the Paleoproterozoic.  In addition, 
Moser et al. (2008) report distinctive SIMS U-Pb ages and oxygen isotope ratios across 
boundaries of inherited igneous cores and metamorphic rims, which suggests slow 
oxygen volume diffusion and retention of primary U-Pb and oxygen isotope ratios during 
metamorphic zircon rim growth related to high-grade, granulite-facies metamorphism. 
Zircon from lower crustal xenoliths can provide a similar record of prolonged 
tectonothermal activity (Rudnick and Williams, 1987; Davis, 1997; Moser and Heaman, 
1997; Schmitz and Bowring; 2000; Davis et al., 2003).  Evidence for such processes from 
the Canadian Shield include kimberlite-derived lower crustal xenoliths from the Slave 
(Davis, 1997; Davis et al., 2003) and Superior provinces (Moser and Heaman, 1997).  
Davis (1997) reports zircons from two garnet-bearing mafic granulite xenoliths from the 
Slave province with U-Pb ages of ca. 2.67 Ga, ca. 2.22 Ga and ca. 1.28 Ga.  These ages 
broadly correlate with surface rocks in the region and likely record initial ca. 2.60 Ga 
Slave granite formation, and subsequent thermal reworking/metamorphism of the lower 
crust through mafic magma underplating along the crust-mantle boundary at 2.23–2.20 
Ga and 1.27 Ga.  These dates are related to the Malley/MacKay and Mackenzie dyke 
swarms, respectively (Davis, 1997).  Similarly, zircons from Superior province granulite-
facies meta-anorthosite and garnet clinopyroxenite (Moser and Heaman, 1997) record 
initial igneous protolith formation at ca. 2.79 Ga, ca. 2.63 Ga and ca. 2.58 Ga, and 
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metamorphic zircon overgrowth/recrystallization between 2.50–2.40 Ga.  Moser and 
Heaman (1997) suggest that the Archean protolith ages represent deep crustal equivalents 
of widespread surface volcanism in the Superior province, and/or upper crustal rocks that 
were tectonically emplaced into the lower crust.  These rocks were then thermally 
reworked within the lower crust between 2.50–2.40 Ga during underplating of mantle-
derived mafic magma along the crust-mantle boundary and formation of the ca. 2.45 Ga 
Matachewan dyke swarm (Moser and Heaman, 1997).  In the western Churchill province 
of the northern Canadian Shield, zircons from kimberlite-derived lower crustal xenoliths 
record a similar prolonged history of Archean craton formation at ca. 3.50 Ga, and ca. 
3.00–2.60 Ga and subsequent Paleoproterozoic thermal reworking at ca. 2.00–1.90 Ga 
and ca. 1.75–1.70 Ga (Chapter 2). 
In this study we report on the oxygen isotope compositions of zircon and 
associated garnet from kimberlite-hosted lower crustal xenoliths from the western 
Churchill province.  The objective of this study is to reconstruct the petrogenesis of crust 
formation at different stages in the evolution of the Churchill province.  The first goal is 
to assess the degree of mantle and/or surface (i.e., hydrosphere) melt-source for the 
magmas that formed the ‘primary’ Archean crust comprising the lower crust of the region.  
The second goal is to gain information about the metamorphic processes that caused 
regional zircon growth near the crust-mantle interface of the western Churchill province 
at 1.75 Ga following the Trans-Hudson orogeny and amalgamation of the regional 
Archean crustal blocks.  The oxygen isotope results described here build upon zircon U-
Pb geochronology and trace element geochemistry reported in Chapter 2, and are the first 
such data reported for lower crustal xenoliths from the Canadian Shield. 
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3.2. Geologic Setting 
The western Churchill province of the northern Canadian Shield comprises mainly 
reworked Archean gneiss with intercalated sequences of volcano-sedimentary 
supracrustal rocks that contain younger Archean plutonic rocks (Hanmer et al., 1995).  
These are overlain by extensive Paleoproterozoic sedimentary sequences and intruded by 
Paleoproterozoic plutonic rocks.  On the basis of differences in lithology and 
tectonothermal histories, the western Churchill province has been subdivided into the Rae 
and Hearne provinces (Hoffman, 1988) (Fig. 3.1).  More recently, the northern portion of 
the Hearne province along the Snowbird Tectonic Zone has been recognized as a unique 
crustal block – separate from the Hearne province – that is characterized by high-grade 
metamorphic rocks (Davis et al., 2006; Berman et al., 2007).  This portion of the northern 
Hearne has been described in recent literature as the Chesterfield domain (Fig. 3.1).  
Detailed U-Pb geochronology and geothermobarometry studies of surface rocks from all 
three crustal domains indicate that the western Churchill province experienced a 
prolonged and complex tectonothermal history (Berman et al., 2007), including regional 
metamorphic rocks that range from greenschist to amphibolite, and domains of granulite-
facies gneiss at surface within the 1.92 Ga. Snowbird Tectonic Zone. 
A similar, prolonged and complex tectonothermal history has been identified in 
kimberlite-derived lower crustal xenoliths from the western Churchill province based on 
U-Pb geochronology and trace element analysis of zircons from two kimberlite-derived 
lower crustal xenolith suites (Chapter 2).  The xenoliths include four granulite-facies 
metabasites from the Rankin Inlet region in the Chesterfield domain and eight xenoliths 
(three metatonalite/anorthosites and five metabasites) from the Repulse Bay region in the 
Rae province.  U-Pb results from igneous zircon cores indicate igneous crystallization 
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Figure 3.1. Geological map of the western Churchill province, including location of the 
Rankin Inlet and Repulse Bay lower crustal xenolith suites, after Martel et al. (2008).  
Abbreviations, CB – Cumberland batholith, CD – Chesterfield domain, CHSB – central 
Hearne supracrustal belt, EA – east Athabasca mylonite zone, NWT – Northwest 
Territories, Pe – Pehnryn group, Pi – Piling group, STZ – Snowbird Tectonic zone, WB – 
Wathaman batholith, Wo – Wollaston group. 
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events at ca. 2.90–2.75 Ga and ca. 2.75–2.60 for one metabasite xenolith from the Rankin 
Inlet suite and ca. 3.50 Ga, ca. 3.00–2.75 Ga and ca. 2.75–2.60 Ga for the three 
metatonalite/anorthosite xenoliths from the Repulse Bay suite.  The youngest of these 
ages broadly correlates with the formation of western Churchill province supracrustal and 
plutonic rocks at the surface.  The earliest zircons of ca. 3.50 Ga and ca. 3.00–2.75 Ga 
predate the formation age of the oldest surface rocks and likely represent remnants of the 
earliest deep level phases of mafic and felsic crust formation.  Metamorphic zircon cores 
from one metabasite xenolith from the Rankin Inlet xenolith suite span ca. 2.00–1.90 Ga.  
These metamorphic cores are interpreted to have formed by localized thermal reworking 
of the lower crust related to convergence of the Hearne and the composite Rae-
Chesterfield.  On the surface, evidence for this process includes high-pressure/high-
temperature metamorphic rocks (i.e., granulite-facies) of the ca. 1.92 Ga Snowbird 
Tectonic Zone (Sanborn-Barrie et al., 2001; Berman et al., 2007; Mills et al., 2007; 
Martel et al., 2008).  The only zircon crystallization event common to all xenoliths is the 
growth of metamorphic rims during granulite-facies metamorphism between ca. 1.75–
1.70 Ga.  This interval of metamorphic zircon growth is coeval with, or younger than, the 
youngest recognized magmatic and sedimentary episodes in the western Churchill 
province.  These late surface rocks include the 1.76–1.75 Ga Nueltin granites and the ca. 
1.76–1.70 Ga Dubawnt supergroup, which are interpreted to represent a post-convergent 
intracratonic setting, with alkaline magmatism and subsequent extensional basin 
formation (Peterson, 2006).  In Chapter 2, it is suggested that the ca. 1.75–1.70 Ga zircon 
growth resulted from regional, transient heating and reworking of the lower crust through 
underplating of mantle-derived mafic magmas along the crust-mantle transition. 
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3.3. Methods 
Oxygen isotope analysis was performed on zircon and garnet from 12 kimberlite-
hosted lower crustal xenoliths from locations in the Chesterfield domain and Rae 
province (Fig. 3.1).  Four xenoliths were acquired from the Shear Diamonds Ltd., 
Churchill kimberlite field (approximately 60 km north of Rankin Inlet, NU) within the 
Chesterfield domain, while eight xenoliths were collected from the Stornoway Diamond 
Corp./BHP-B, Qilalugaq kimberlite field (approximately 10 km north of Repulse Bay, 
NU), within the Rae province.  Details regarding sampling techniques, mineral 
assemblages and textures of xenoliths, mineral separation, and SIMS zircon mount 
preparation are reported in Chapter 2. 
 Prior to oxygen isotope analysis of zircon, the mounts were re-polished 
(University of Alberta) to remove pits created during SHRIMP U-Pb and trace element 
analysis.  In general, these pits were estimated to be approximately 1 µm in depth or less.  
For the mount containing zircons from the Repulse Bay xenolith suite, it was necessary to 
mount additional Temora 2 zircon standard to facilitate oxygen isotopic standardization 
(Black et al., 2004).  This was accomplished by face-mounting Temora 2 zircons into two 
channels created on the mount surface using a metal scribe.  These were then filled in 
using a quick-setting epoxy and the mount was re-polished.  
 Secondary ion mass spectrometry (SIMS) oxygen isotope analysis of zircon was 
carried out at the Canadian Centre for Isotopic Microanalysis (CCIM), University of 
Alberta.  Prior to SIMS analysis and scanning electron microscopy (SEM), mounts were 
evaporatively- or sputter-coated with 5 nm of Au.  SEM imaging of zircon was carried 
out with a Zeiss EVO MA15 SEM, equipped with Gatan® ChromaCL, Robinson CL, and 
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Zeiss backscattered electron detectors using beam conditions of 15kV and 3 – 5 nA.  A 
further 20 nm of Au was subsequently deposited on the mounts prior to SIMS analysis. 
Oxygen isotopes (18O, 16O) in zircon were measured using a IMS 1280 ion microprobe.  
A 133Cs+ primary beam was operated with impact energy of 20 keV.  The ~12 !m 
diameter probe was typically rastered during acquisition to form rectangular sputtered 
areas ~15 !m across and ~3 !m deep.  A normal incidence electron gun was utilized for 
charge compensation.  Negative secondary ions were extracted into the secondary 
(transfer) column through 10 kV.  Transfer conditions included a 120 !m entrance slit, 5 
mm pre-ESA (field) aperture, and 100x image magnification at the field aperture, 
transmitting all regions of the sputtered area.  The energy window utilized during analysis 
consisted of 50 eV, which transmitted all the low energy ions; no energy filter was 
applied.  The mass-separated oxygen isotopes were detected simultaneously in Faraday 
cups L’2 (16O-) and either H1 or H’2 (18O-) in the multi-detector array.  Mass resolution 
("m/M at 10%) was approximately 1900 and 2250, respectively.  Secondary ion count 
rates for 16O- were ~3 x 109 c/s.  Faraday cup baselines were measured at the start of the 
day and were sufficiently stable and low throughout the day, such that no further 
measurements were necessary.  A single analysis (4.5 minutes) comprised rastering the 
probe for 30 – 45 s over a 20 x 20 !m area to clean and implant Cs, automated secondary 
ion tuning, and 100 s of measurement.   
Instrumental mass fractionation was monitored by analysis of reference materials 
(RM) S0022 (Temora 2) zircon with #18OVSMOW = +8.2 ‰ (Black et al., 2004) and/or 
S0023 (6266) with #18OVSMOW = +13.30 ‰ (Stern R., pers. comm.).  At least one RM was 
analyzed every four unknowns.  Individual spot uncertainties at 95% confidence are 
typically ±0.20 ‰, and include errors relating to within-spot counting statistics, between-
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spot (geometric) effects, and instrumental mass fractionation.  Matrix effects relating to 
variations in zircon composition and structure (e.g., metamictization) are assumed to be 
negligible. 
To verify the location of the ion beam ablation pits created during SIMS analysis, 
and to confirm the absence of fractures and/or inclusions within such pits, secondary 
electron (SE) and colour cathodoluminescence (colour CL) images were collected using a 
Hitachi SU-6600 Field Emission Gun SEM (FEG-SEM) in the Zircon and Accessory 
Phase Laboratory (ZAPLab) at Western University. 
 Laser fluorination was employed to measure oxygen isotope ratios of garnet from 
the lower crustal xenolith suites, at the Laboratory for Stable Isotope Science at Western 
University.  These techniques follow the methods of Sharp (1990) and utilize a 
Merchantek Mir 10-25 CO2 laser with a BrF5 oxygen extraction line.  Oxygen was 
liberated from garnet by step-heating with a CO2 laser in the presence of BrF5.  Reactions 
typically lasted for 3–5 minutes and were deemed complete when the sample ceased to 
react under a focused, high intensity laser beam.  The liberated oxygen gas was then 
purified by passage through cryogenic traps and a KCl trap heated to 115°C, and the 
oxygen isotope ratios were measured using a dual-inlet DeltaPlus XL mass spectrometer.  
The oxygen isotope ratios of garnet are reported in the !-notation relative to VSMOW.  
The #18O values of UWG-2 garnet (University of Wisconsin – Valley et al., 1995) and 
San Carlos olivine standards were +5.8±0.1‰ and +5.1±0.2‰, respectively.  These 
compare well with the accepted values of +5.8‰ for UWG-2 garnet (Valley et al., 1995) 
and +5.2‰ for San Carlos Olivine.  Reproducibility of standards and unknown samples 
was generally better than ±0.3‰. 
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 3.4. Results 
3.4.1. Garnet Oxygen Isotope Results  
Garnet from four metabasite xenoliths from the Rankin Inlet lower crustal 
xenolith suite yield a narrow range of #18Ogrt values that range from +5.9 to +6.9‰ (Table 
3.1).  A wider range was obtained for the Repulse Bay lower crustal xenolith suite, with 
#18Ogrt values from five metabasite xenoliths ranging from +5.6 to +7.7‰ (Table 3.1). A 
similar range was measured for garnet from three metatonalite-anorthosite xenoliths (+5.6 
to +7.8‰ – Table 3.1).   
 
3.4.2. Zircon Oxygen Isotope Results 
Three zircon populations were previously identified (Chapter 2) in the two lower 
crustal xenolith suites based on U-Pb results and CL zoning characteristics: igneous 
Archean cores, ca. 2.00 to 1.90 Ga metamorphic cores (one sample) and ca. 1.75–1.70 Ga 
metamorphic rims (Figs. 3.2, 3.3).  Igneous zircon cores were identified in one metabasite 
xenolith from the Rankin Inlet suite (#9865) and three metatonalite/anorthosite xenoliths 
from the Repulse Bay suite (#10158, #10164, #10168).  These are characterized by 
prismatic to equant whole crystals or cores, with dark to bright, oscillatory planar zoning 
in SEM-CL.  The U-Pb ages of these igneous cores span ca. 2.90–2.60 Ga for the 
metabasite xenolith from the Rankin Inlet suite and ca. 3.50–2.60 Ga for the 
metatonalite/anorthosite xenoliths from the Repulse Bay suite.  Metamorphic zircon cores 
were identified in only one metabasite xenolith from the Rankin Inlet suite (#9864).  
These are distinguished from igneous cores by the former’s equant and rounded shape, 
and in SEM-CL by emission of low CL intensity, marked by complex to radial-sector 
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Figure 3.2. Colour cathodoluminescence (including UV) SEM photomicrographs of 
zircon from the Rankin Inlet lower crustal xenolith suites. SHRIMP 207Pb/206Pb results 
and associated 2" analytical uncertainties are from Chapter 2. The SIMS oxygen isotope 
results (Appendix D) are given in permill notation relative to VSMOW.  (A–B) 
metabasite xenolith #9864, (A) grain 31 and (B) grain 47, dark (in CL), complex to 
radial-sector zoned metamorphic core, mantled by bright (in CL), unzoned metamorphic 
rim.  (C–D) metabasite xenolith #9865, (C) grain 5, oscillatory zoned igneous core with 
dark and bright bands (in CL) and weakly faded zoning along outer margin, (D) grain 14, 
bright (in CL), relatively unzoned metamorphic rim, with weak to faint, relict planar 
zoning.  (E) metabasite xenolith #9866, grain 7, bright (in CL), unzoned metamorphic rim, 
with weak to faint, relict sector zoning.  (F) metabasite xenolith #9870, grain 10, bright 
(in CL), unzoned metamorphic rim. Note: photomicrographs E and F were acquired using 
an earlier, CL colour calibration compared to all others (Figs. 3.2A–D and Figs. 3.3G–L).  
It was not possible to re-image the zircons in E and F because of their loss during 
subsequent polishing and preparatory steps. 
 
  
82
  
 
Figure 3.3. Colour cathodoluminescence (including UV) SEM photomicrographs of 
zircon from the Repulse Bay lower crustal xenolith suites. SHRIMP 207Pb/206Pb results 
and associated 2" analytical uncertainties are from Chapter 2.  The SIMS oxygen isotope 
results (Appendix D) are given in permill notation relative to VSMOW.  (A–B) 
metatonalite/anorthosite xenolith #10158, (A) grain 3, dark to bright (in CL), unzoned to 
complex sector zoned metamorphic rim, (B) grain 7, dark (in CL), oscillatory zoned 
igneous core.  (C–D) metatonalite/anorthosite xenolith #10164, (C) grain 34, oscillatory 
zoned igneous core with weakly disrupted bands, mantled by dark (in CL), unzoned 
metamorphic rim.  (D) grain 56, oscillatory to planar zoned igneous core with dark and 
bright bands (in CL), mantled by dark (in CL), unzoned metamorphic rim.  (E) 
metatonalite/anorthosite xenolith #10168, grain 65, oscillatory zoned igneous core, with 
dark and bright bands (in CL), mantled by moderately dark (in CL), unzoned 
metamorphic rim.  (F) metabasite xenolith #10169, grain 10, bright (in CL), unzoned 
metamorphic rim, with weak to faint, relict planar zoning.   
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zoning.  The metamorphic cores have a distinctly younger range of U-Pb ages (ca. 2.00–
1.90 Ga) than the igneous cores. 
Paleoproterozoic metamorphic zircon rims were recognized in all xenoliths.  
These comprise equant and rounded whole crystals or rims, with the latter mantling both 
igneous and metamorphic cores.  In SEM-CL the metamorphic rims are commonly 
unzoned and exhibit a bright CL emission.  A large portion of these metamorphic rims 
contain faint-relict, complex to planar zoning, and commonly mantle igneous or 
metamorphic zircon cores with transitional, blurred or relict-zoned core-rim boundaries 
(see Chapter 2: Figs. 2.3, 2.4, 2.5).  Metamorphic zircon rims obtained from all xenoliths 
record a range of U-Pb ages between ca. 1.75–1.70 Ga (Chapter 2). 
A total of 178 zircon oxygen isotope measurements were collected from the two 
xenolith suites, 67 from the Rankin Inlet xenolith suite and 111 from the Repulse Bay 
suite (Appendix D).  For the Rankin Inlet xenolith suite, four metabasite xenoliths yield a 
narrow range of near mantle-like #18Ozrc values between +5.5±0.2 and +6.4±0.3‰, with 
one zircon core from xenolith #9864 having three #18Ozrc values between +7.5±0.3 and 
+8.6±0.3‰ (Figs. 3.2, 3.4).  A wider range of #18Ozrc values was obtained for the Repulse 
Ray lower crustal xenolith suite (+5.6 to +8.3‰), with zircon from three 
metatonalite/anorthosite xenoliths having a range of +5.6±0.2 to +8.3±0.2‰ and five 
metabasite xenoliths lying between +6.1±0.2 to +7.8±0.2‰ (Figs. 3.2, 3.4).  The #18Ozrc 
values for the two lower crustal xenolith suites match closely with their corresponding 
#18Ogrt values, with "zrc-grt $ 0‰ for most xenoliths.  However, two xenoliths from the 
Repulse Bay suite (#10158 and #10179) have "zrc-grt values of ~ 0.7‰.  This spread might 
reflect kimberlite-related, deuteric alteration and associated oxygen isotopic exchange 
between these fluids and garnet, although no defects and/or alteration features were 
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Figure 3.4.  Oxygen isotope results of zircon and garnet from the Rankin Inlet lower 
crustal xenolith suite, with associated 2" analytical uncertainties for the SIMS zircon 
results (Appendix D).  The oxygen isotope composition of +5.3±0.6‰ for mantle zircon 
is also shown (Valley et al., 2005). 
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observed in garnet during handpicking.  Overall, the #18Ozrc values of individual xenoliths 
generally exhibit limited ranges of variation (Figs. 3.3, 3.5).  One zircon from xenolith 
#9864 in the Rankin Inlet suite (grain 47) has #18Ozrc values of +7.5±0.3‰, +8.2±0.2‰ 
and +8.6±0.2‰, but all other measurements for this xenolith lie between +5.7±0.2‰ to 
+6.4±0.2‰.  There are no indications that this ~2‰ difference is the result of instrument-
induced fractionation and the crystal is similar to other zircons in the #9864 population 
with regard to its U-Pb dates and CL textures, making it highly unlikely that grain 47 is a 
contaminant.  In addition, no fractures or other features associated with ionic diffusion 
pathways were observed within this crystal. 
During SIMS oxygen isotope analysis an attempt was made to identify differences 
in #18Ozrc values between cores and rims.  No measurable differences were recognized 
(Figs. 3.4, 3.5), and similarly #18Ozrc values do not appear to correlate with 207Pb/206Pb 
dates (Figs. 3.6, 3.7).  Although significant variation exists between individual xenoliths, 
no correlation was identified between zircon/garnet #18O values and xenolith lithology, 
with similar ranges of #18O values reported for both metabasite and 
metatonalite/anorthosite xenoliths (Figs. 3.4, 3.5). 
 
3.5. Discussion  
3.5.1. Evaluation of Oxygen Diffusion in Zircons from the Lower Crustal Xenoliths 
Zircon from the Repulse Bay and Rankin Inlet lower crustal xenolith suites yield a 
wide range of #18Ozrc values; however, a prominent feature of these zircon oxygen isotope 
results is the limited variation in the #18Ozrc values of individual xenoliths.  This is 
especially significant for xenoliths that contain zircons with core and rim textural 
morphologies (in SEM-CL), which yield distinctive 207Pb/206Pb dates that vary by up to ca. 
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Figure 3.5.  Oxygen isotope results for zircon and garnet from the Repulse Bay lower 
crustal xenolith suite, with associated 2" analytical uncertainties for the SIMS zircon 
results (Appendix D).  The oxygen isotope composition of +5.3±0.6‰ for mantle zircon 
is also shown (Valley et al., 2005). 
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Figure 3.6.  Zircon oxygen isotope results for the Rankin Inlet lower crustal xenolith suite, 
including associated SHRIMP 207Pb/206Pb results from Chapter 2 and 2" analytical 
uncertainties.  The oxygen isotope composition of +5.3±0.6 ‰ for mantle zircon is also 
shown (Valley et al., 2005). 
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Figure 3.7.  Zircon oxygen isotope results for the Repulse Bay lower crustal xenolith suite, 
including associated SHRIMP 207Pb/206Pb results from Chapter 2 and 2" analytical 
uncertainties.  The oxygen isotope composition of +5.3±0.6‰ for mantle zircon is also 
shown (Valley et al., 2005). 
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1.70 Ga (i.e., xenolith #10164).  Two possible models are proposed here to explain the 
limited variation in the #18Ozrc values of individual xenoliths: (a) thermally-induced, bulk 
oxygen diffusion within zircon cores during ca. 1.75–1.70 Ga metamorphic rim zircon 
growth, or (b) retention of the original protolith oxygen isotope composition during ca. 
1.75–1.70 Ga metamorphic rim zircon growth. 
In the first scenario, the uniform #18Ozrc values of cores and rims and associated 
#18Ogrt values is explained by bulk oxygen isotope diffusion within the primary cores, 
triggered by metamorphic rim growth at ca. 1.75–1.70 Ga.  Previous zircon oxygen 
diffusion studies based on experimental models (e.g., Watson and Cherniak, 1997) 
propose low rates of oxygen isotopic retention in zircon, and increased susceptibility to 
oxygen diffusion, and re-equilibration at high temperatures.  Under metamorphic 
conditions in a wet lower crust, Watson and Cherniak (1997) calculate that, at 900°C, 
zircons 20–120 !m in diameter undergo oxygen diffusion and complete re-equilibration 
within 160 to 5700 years.  Calculations for 500°C (i.e., mid-crustal conditions) indicate 
an increased oxygen isotope retention rate of 107 to 4•108 years for zircons 20–120 !m in 
diameter.  Under dry conditions, the same zircon (20–120 !m in diameter) exposed to 
900°C has a calculated oxygen isotope retention rate of ~ 3•105 to 107 years, while at 
500°C the rate is well beyond the age of the Earth. 
In the Rankin Inlet and Repulse Bay lower crustal xenolith suites, the 
metamorphic zircon rims are interpreted to represent regional, high-grade thermal 
reworking of the lower crust at ca. 1.75–1.70 Ga.  The occurrence of nanometer-scale, 
annealed fractures (in SEM-CL) in zircon cores and their association with zones 
demonstrating partial Pb-loss (Chapter 2), suggests that such features served as Pb-
mobility pathways during ca. 1.75–1.70 Ga thermal lower crustal reworking and 
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associated metamorphic rim growth.  Such features could have also aided in oxygen 
diffusion and isotopic re-equilibration of zircon cores during metamorphic rim growth. 
 Given the high degree of kimberlite-related deuteric alteration of the xenoliths 
(up to 95% replacement of primary metamorphic minerals, excluding garnet and zircon) it 
was not possible to attain geobarometric measurements from the Rankin Inlet and 
Repulse Bay xenolith suites.  However, geobarometric temperature measurements made 
on similar granulite-facies metabasite and metatonalite/anorthosite rocks (Moser and 
Heaman, 1997; Davis et al., 2003; Martin et al., 2008; Moser et al., 2008) estimate a 
broad metamorphic temperature range of 600 to %850°C.  According to Watson and 
Cherniak (1997), pre-existing zircon crystals within this temperature range in the lower 
crust, where these xenoliths previously resided, could have undergone bulk oxygen 
diffusion and re-equilibration during ca. 1.75–1.70 Ga thermal reworking.  
Empirical zircon oxygen diffusion studies on high-grade metamorphic rocks 
(Valley et al., 1994; Peck et al., 2003; Page et al., 2007; Moser et al., 2008; Bowman et 
al., 2011) contradict the experimental diffusion studies (Watson and Cherniak, 1997) and 
suggest high oxygen isotope retention in zircon, with very sluggish to negligible oxygen 
diffusion rates at typical crustal metamorphic temperatures.  Empirical examples of this 
oxygen isotope retention include zircon recovered from metamorphic rocks that were 
exposed to amphibolite- and granulite-facies metamorphism (Valley et al., 1994; Peck et 
al., 2003; Moser et al., 2008; Lancaster; 2009; Bowman et al., 2011), eclogite-facies 
metamorphism (Chen et al., 2011) and granitic gneiss that formed through anatexis and 
was subsequently exposed to granulite-facies metamorphism (Peck et al., 2003; Page et 
al., 2007). 
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Bulk oxygen isotope analysis of zircon and quartz recovered from granulite-facies 
quartzite and granitic gneiss from the Adirondack Highlands of the Grenville province 
(Valley et al., 1994; Peck et al., 2003) indicate oxygen isotope disequilibrium between 
quartz and zircon pairs, with the detrital zircon #18O values representative of a typical 
Grenville magmatic protolith and the associated quartz #18O values representative of a 
more 18O-enriched sandstone protolith.  Valley et al. (1994) and Peck et al. (2003) 
suggest this oxygen isotope disequilibrium arises from slow to very slow oxygen 
diffusion between the host rock quartz and associated detrital zircons and retention of 
magmatic protolith #18O values in zircon through high-grade metamorphism.  Similar 
results were obtained for separate growth zones within individual zircons from granulite-
facies quartzite from the Adirondack Highlands (Peck et al., 2003; Page et al., 2007).  
These researchers show that an up to 5.6‰ difference is preserved between inherited 
zircon cores and associated magmatic zircon rims, which pre-date quartzite formation and 
subsequent granulite-facies metamorphism.  Such behavior indicates retention of protolith 
oxygen isotope ratios in the zircon cores during anatexis and associated magmatic zircon 
overgrowth formation, and during subsequent exposure to high-grade metamorphism 
(Peck et al., 2003).  Elsewhere in the Adirondack Highlands, oxygen isotope retention is 
proposed by Page et al. (2007) for a detrital zircon recovered from granulite-facies 
metasedimentary rocks.  Detailed SIMS oxygen isotope analysis along the transition 
boundary between an inherited zircon core and metamorphic rim overgrowth revealed a 
sharp difference, over the span of 5–10 !m, in #18O values between the inherited core and 
the metamorphic rim overgrowth.  Page et al. (2007) interpret this difference to indicate 
oxygen isotope retention along the outer surface of the detrital igneous core during 
crystallization of the metamorphic rim overgrowth. 
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 Empirical oxygen diffusion experiments on zircons from a granulite-facies 
paragneiss from the Kapuskasing uplift of the Superior province (Moser et al., 2008; 
Bowman et al., 2011) yield similar results to those from the Adirondack Highlands. These 
zircons exhibit a sharp difference in #18O values between detrital igneous cores and 
metamorphic rim overgrowths (approximately 3‰), with no discernible oxygen isotope 
diffusion gradient across the core-rim boundary.  Such observations also suggest oxygen 
isotope retention in these detrital zircon cores during granulite-facies metamorphism and 
associated crystallization of metamorphic rim overgrowths (Moser et al., 2008). 
These empirical studies in the Adirondack Highlands and Kapuskasing uplift 
argue for much slower oxygen diffusion rates than calculated in the experimental study of 
Watson and Cherniak (1997), with no indication of partial oxygen diffusion or isotopic 
equilibration between original zircon and surrounding host rocks or metamorphic zircon 
overgrowths during prolonged granulite-facies metamorphism.  The oxygen isotope 
results from our study do not help to resolve these contradicting arguments in any 
substantive way.  However, given the lack of evidence for oxygen diffusion in zircon 
from the previous empirical studies, it seems unlikely that such a process affected the 
igneous and metamorphic zircon cores from Rankin Inlet and Repulse Bay lower crustal 
xenolith suites.  In particular, it is unlikely that their #18O values represent bulk oxygen 
diffusion and complete oxygen isotope equilibration during thermal reworking of the 
lower crust and subsequent metamorphic rim growth at ca. 1.75–1.70 Ga.  Instead, we 
propose the #18O values of zircon from the Rankin Inlet and Repulse Bay lower crustal 
xenolith suites are in equilibrium with the bulk rock – represented by associated garnet 
#18O values – and reflect the primary, unmodified oxygen isotope composition of their 
associated basalt/gabbro or tonalite/anorthosite protoliths. 
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 3.5.2. Archean Zircon Cores: Juvenile and Evolved Sources for Early Crust Formation 
 A wide range of #18Ozrc values is reported for xenoliths containing Archean 
igneous cores and Paleoproterozoic metamorphic rims from the Rankin Inlet and Repulse 
Bay xenolith suites (+5.5 to +8.3‰), albeit with limited variability in #18Ozrc values 
between cores and rims from individual xenoliths – including similar associated #18Ogrt 
values (Figs. 3.4, 3.5).  This wide range in #18Ozrc values broadly correlates with 
magmatic and detrital zircons from different Archean cratons (Valley et al., 2005), and in 
particular, the range between individual xenoliths suggests that the protoliths were 
derived from distinctive oxygen reservoirs  (Figs. 3.6, 3.7).  These oxygen reservoirs 
include a juvenile source with near-mantle like #18Ozrc values (+5.3±0.6‰; Valley et al., 
2005), and an evolved source with high #18Ozrc values, indicative of interaction with a 
high-level, supracrustal source that was exposed to low-temperature fluids (e.g., Peck et 
al., 2001; Valley et al., 2002).  Zircons with mantle-like oxygen isotope compositions 
include metabasite xenolith #9865 with #18Ozrc values of +5.5±0.3 to +6.4±0.3‰ (Chapter 
2: U-Pb ages up to 2.90 Ga), and metatonalite/anorthosite xenolith #10168 with #18Ozrc 
values of +5.5±0.3 to +6.4±0.3‰ (Chapter 2: U-Pb ages up to ca. 3.00 Ga).  These 
mantle-like #18O values are indicative of crystallization from a mantle-derived melt or a 
protolith with limited exposure to surface process (i.e., low-temperature alteration).  
Zircons with elevated #18O values (up to +8.3‰) comprise two metatonalite/anorthosite 
xenoliths from the Repulse Bay suite, including xenolith #10158 with #18Ozrc values 
between +7.7±0.2 to +8.3±0.2‰ (Chapter 2: U-Pb ages up to ca. 2.90 Ga), and xenolith 
#10164 with #18Ozrc values between +6.9±0.2 to +8.1±0.2‰ (Chapter 2: U-Pb ages up to 
ca. 3.50 Ga).  The high #18Ozrc of xenoliths #10158 and #10164 relative to mantle values 
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indicate protolith formation from an evolved, surface-derived melt, which formed from, 
or had assimilated previously altered supracrustal rocks that had been exposed to near-
surface interaction with low-temperature fluids (Peck et al., 2001; Valley et al., 2002).  
The limited variance in the #18Ozrc values between the Archean zircon cores and 
Paleoproterozoic rims suggests the protoliths were not exposed to additional low-
temperature processes between zircon growth events. 
  
3.5.3. Paleoproterozoic Zircon Cores and Rims: Processes of Metamorphism 
Zircon and garnet from the metabasite xenoliths containing only Paleoproterozoic 
zircons have a similar, wide range of #18O values (+5.7 to +8.6‰) (Figs. 3.4, 3.5).  These 
include metabasite xenolith #9864, which contains metamorphic cores and rims with 
#18Ozrc values ranging from +5.7±0.2 to +8.6±0.3‰ (Chapter 2: U-Pb ages up to ca. 2.00 
Ga), and seven metabasite xenoliths with ca. 1.75–1.70 Ga metamorphic rim textured 
zircons (Rankin Inlet suite: #9866, #9870; Repulse Bay suite: #10162, #10163, #10167, 
#10169, #10179), which have #18Ozrc values of +5.7±0.2 to +7.8±0.2‰.  The wide range 
in #18Ozrc values for these xenoliths likely reflects protolith formation from a juvenile 
source with near-mantle #18Ozrc values (Valley et al., 2005) and an evolved supracrustal 
source with high #18Ozrc values (Peck et al., 2001; Valley et al., 2002) (Figs. 3.6, 3.7).  
Samples with near-mantle #18Ozrc values include metabasite xenoliths #9870 (+5.7±0.2 to 
+6.0±0.2‰) and #9864 (mostly +5.7±0.2 to +6.4±0.2‰, with zircon 47 having three 
#18Ozrc values of +7.5±0.3‰, +8.2±0.2‰ and +8.6±0.2‰) from the Rankin Inlet suite.  
Several Paleoproterozoic xenoliths have high #18Ozrc values (relative to mantle), including 
#9866 (+6.5±0.2 to +6.8±0.2‰), #10162 (two #18Ozrc values of +7.2±0.2‰ and 
+7.4±0.2‰), #10163 (three #18Ozrc values from two zircons of +7.8±0.2‰), #10167 
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(+7.3±0.2 to +7.5±0.2‰), #10169 (+6.1±0.2 to +7.3±0.2‰) and #10179 (+6.2±0.2 to 
+6.5±0.2‰) (Figs. 3.4, 3.5).  These high #18Ozrc values (relative to the mantle) reflect 
protolith formation from an evolved, surface-derived source (Peck et al., 2001; Valley et 
al., 2002). 
Three #18Ozrc values for one zircon from xenolith #9864 (grain 47) are up to 2‰ 
higher than associated garnet and all other zircons in the sample, which largely yield near 
mantle-like #18O values (Fig. 3.4).  It is possible that this relatively 18O-rich zircon grew 
within, or in proximity to a fracture/vein at the time of, or shortly after protolith formation.  
Such fractures can serve as pathways for autometasomatic/hydrothermal fluids. Such 
fluid interaction with a metabasite protolith could yield a fracture-filling assemblage of 
quartz, calcite and/or sericite (Sheppard and Taylor, 1974; Taylor and Sheppard, 1986), 
thus causing localized 18O-enrichment.  Subsequent exposure to granulite-facies 
metamorphic conditions, and recrystallization to a metabasite metamorphic mineral 
assemblage that includes metamorphic zircon, would produce zircon with elevated #18O 
values (Moser et al., 2007). 
 
3.5.4. Implications for the Evolution of the Lower Crust 
The wide range of zircon and garnet oxygen isotope results for the Rankin Inlet 
and Repulse Bay lower crustal xenolith suites, coupled with the U-Pb results reported in 
Chapter 2, indicate a heterogeneous lower crust beneath portions of the western Churchill 
province, which formed during a prolonged and complex magmatic and/or tectonothermal 
history (Figs. 3.6, 3.7).  Two distinct oxygen isotope reservoirs are suggested for the 
protoliths of the xenolith suites.  For the Rankin Inlet region (encompassing the 
Chesterfield domain), the zircon oxygen isotope and U-Pb results from four metabasite 
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xenoliths suggest a relatively homogeneous underlying lower crust, characterized by up to 
2.90 Ga metabasite formed from juvenile basaltic/gabbroic rocks. Only one sample from 
this region provides any evidence for involvement of a supracrustal protolith (xenolith 
#9866).  In contrast, the oxygen isotopic data attained from five metabasite and three 
metatonalite/anorthosite xenoliths from the Repulse Bay suite suggest a mixed juvenile 
and evolved lower crust. 
Four distinct petrogenetic phases of crustal building and/or lower crustal 
reworking can be identified using the combined zircon oxygen isotope and U-Pb results 
(Fig. 3.8).  These phases include: (I) early crust formation and subsequent burial and 
melting of evolved, surface-derived rocks at ca. 3.5 Ga; (II) regional felsic and mafic 
magma generation through arc genesis and subsequent burial and melting of evolved, 
surface-derived rocks (ca. 3.0–2.6 Ga); (III) localized thermal reworking of 
basaltic/gabbroic protolith crust between ca. 2.0–1.9 Ga in the Rankin Inlet region, and 
(IV) regional reworking of the lower crust at ca. 1.8–1.7 Ga through underplating of 
mantle-derived magma along base of the lower crust.  Phase I represents one of the 
earliest phases of crust formation in the western Churchill province (Chapter 2) and 
comprises ca. 3.5 Ga igneous zircon cores recovered from one metatonalite/anorthosite 
xenolith (#10164) from the Repulse Bay suite (Fig. 3.7).  The relatively high #18O values 
of the ca. 3.5 Ga igneous zircon cores likely reflect equilibrium zircon growth in an 
evolved tonalite/anorthosite protolith magma that was produced or contaminated by 
melting of supracrustal rocks that previously resided near the surface and interacted with 
surface-derived fluids at low temperatures (Peck et al., 2001; Valley et al., 2002).  In 
order to provoke high-temperature melting of altered, supracrustal rocks, a process of 
initial formation followed by burial into the upper mantle and/or mid-lower crust is 
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Figure 3.8.  Evolution of the western Churchill province based on the SIMS oxygen 
isotope and U-Pb results of zircon from the Rankin Inlet and Repulse Bay lower crustal 
xenolith suites.  Phase I: initial crust formation at ca. 3.5 Ga, including burial (i.e., 
subduction and/or sagduction) and subsequent melting of rocks that interacted with 
surface fluids to form evolved tonalite/anorthosite rocks.  Phase II: widespread juvenile, 
mantle-derived and evolved, crust-derived magma genesis (basalt/gabbro and 
tonalite/anorthosite) between ca. 3.0–2.6 Ga, with the latter evolved magmas formed from 
burial and subsequent melting of upper crustal rocks that interacted with low-temperature 
surface fluids.  Phase III: localized reworking of metabasite lower crust rocks in the 
Rankin Inlet region during amalgamation of the Hearne to the composite Chesterfield-
Rae and formation of the Snowbird Tectonic zone (STZ) at ca. 1.92 Ga.  Phase IV: 
regional reworking of the lower crust between ca. 1.75–1.70 Ga, through underplating of 
mantle-derived magma along the crust-mantle interface.  Interpretations concerning the 
structure of the crust and upper mantle are drawn from Jones et al. (2002), Berman et al. 
(2007), Darbyshire and Eaton (2010), Thompson et al. (2010) and Bastow et al. (2011). 
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required at 3.5 Ga.  The exact mechanism for such a process in the early Archean is 
uncertain and highly controversial, with some researchers favoring a modern, subduction-
dominated plate tectonic regime (e.g., de Wit, 1998) and others supporting a 
“sagduction”-style regime (e.g., Hamilton, 2011).  While it is difficult to choose between 
either of these models based on the results presented in this study, it is evident that some 
form of tectonic recycling was operational at ca. 3.5 Ga to crystallize zircon with high 
#18O values.  Elsewhere in the western Churchill province, evidence for pre-2.75 Ga crust 
formation is rare at the present surface – although well preserved in Paleoproterozoic 
sedimentary cover sequences – and limited to zircons that record Eoachean to 
Paleoarchean crust formation, including up to ca. 4.04 Ga inherited zircon cores from 
Archean plutonic rocks (Martel et al., 2008) and detrital zircons older than 3.75 Ga in 
Archean sedimentary rocks (Hartlaub et al., 2004). 
Phase II is represented in the lower crustal xenoliths by ca. 2.9–2.6 Ga igneous 
zircon cores from metabasite xenolith #9865 from the Rankin Inlet suite (Fig. 3.6) and ca. 
3.0–2.6 Ga igneous zircon cores from metatonalite/anorthosite xenoliths #10158 and 
#10168 from the Repulse Bay suite (Fig. 3.7).  The near mantle-like #18O values of 
igneous zircon cores from metabasite xenolith #9865 and metatonalite/anorthosite 
xenolith #10168 indicate juvenile magmatic protoliths of basalt/gabbro and 
tonalite/anorthosite compositions, respectively.  High #18O values for the 
metatonalite/anorthosite xenolith #10158 suggest evolved tonalite/anorthosite magma 
formation through melt generation or contamination resulting from burial and subsequent 
melting of supracrustal rocks that had interacted with surface-derived fluids.  This age 
range of ca. 2.9–2.6 Ga for the Rankin Inlet igneous cores and ca. 3.0–2.6 Ga for the 
Repulse Bay igneous cores correlates with a significant evolutionary stage in the 
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formation of the Western Churchill province, specifically, widespread mafic–felsic 
volcanism and associated sediment deposition between 2.74–2.67 Ga, and intrusion of 
tonalite and felsic magmas between 2.68–2.65 Ga and 2.61–2.58, respectively (Skulski et 
al., 2003; Davis et al., 2006; Berman et al., 2007; Martel et al., 2008).  On this basis, the 
igneous zircon cores from the metabasite (#9865) and metatonalite/anorthosite (#10168) 
xenoliths that yield near-mantle #18O values likely formed during widespread, juvenile 
mafic and felsic magmatism.  Meanwhile, low to moderate levels of tectonic recycling, 
including burial and melting of surface-derived rocks, likely operated during this time to 
produce the high #18O values of igneous zircon cores from xenolith #10158.  Elsewhere in 
the western Churchill province evidence of this tectonic recycling process include 
inherited zircon cores, up to 4.04 Ga, in ca. 2.67 Ga plutonic rocks (Martel et al., 2008) 
and Nd model ages of 4.2–2.8 Ga from younger mafic and felsic rocks (Thériault, 1992; 
Crocker et al., 1993; Thériault et al., 1994; De et al., 2000; McNicoll et al., 2000; 
Peterson et al., 2010). 
No record is identified in the lower crustal xenolith suites for the transition from 
Phase II (3.0–2.6 Ga) to Phase III (2.0–1.9 Ga) in the evolution of the western Churchill 
province.  On the surface, this period is marked by limited evidence suggesting a 
collisional to intracratonic tectonic setting (Davis et al., 2006; Martel et al., 2008).  This 
localized evidence includes development of low- to moderate-pressure fabrics through 
thermal reworking at 2.56–2.50 Ga along the Chesterfield-Rae boundary (MacLachlan et 
al., 2005; Davis et al., 2006; Berman et al., 2007), possible tectonic convergence in the 
western Rae with the 2.45–2.30 Ga Arrowsmith orogeny (Berman et al., 2005), mafic 
dyke emplacement at 2.45 Ga (Hearne - Heaman, 1994) and 2.19–2.15 Ga (Rae - Martel 
et al., 2008) and the formation of intracratonic sedimentary basins (Heaman and 
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LeCheminant, 1993; Aspler et al., 2002).  Phase III is represented by ca. 2.0–1.9 Ga 
metamorphic zircon cores from only one metabasite xenolith (#9864) from the Rankin 
Inlet suite.  These ca. 2.0–1.9 Ga metamorphic zircon cores correlate to high-grade 
metamorphic rocks in the region that formed through regional, tectonothermal activity 
initiated by accretion of the Hearne to the composite Rae-Chesterfield to form the 1.92 
Ga Snowbird Tectonic zone (Sanborn-Barrie et al., 2001; Berman et al., 2007; Mills et al., 
2007).  The near-mantle #18O values of the metamorphic cores from this metabasite 
xenolith suggest a juvenile and mantle-derived, basaltic/gabbroic protolith that was then 
subsequently metamorphosed at ca. 1.92 Ga.  On this basis, it is likely that the ca. 2.0–1.9 
Ga metamorphic zircon cores represent localized thermal reworking of the mid to lower 
crust during regional metamorphism and thermal heating at ca. 1.92 Ga. 
Phase IV consists of metamorphic rim growth during regional thermal reworking 
of the lower crust at ca. 1.75–1.70 Ga, which has been interpreted to result from 
underplating of mantle-derived magma along the crust-mantle interface.  This 
petrogenetic phase is represented in all Rankin Inlet and Repulse Bay lower crustal 
xenoliths by ca. 1.75–1.70 Ga metamorphic zircon rims.  The #18O values of all 
metamorphic zircon rims exhibit considerable variation between individual xenoliths 
from each suite, which suggests their associated basalt/gabbro and tonalite/anorthosite 
protoliths represent mantle-derived and/or evolved sources.  A similar range of #18O 
values was obtained for the metabasite xenoliths that only contain metamorphic rims (i.e., 
no igneous/metamorphic cores), indicating basaltic/gabbroic protoliths that either formed 
from a mantle-derived magma (xenoliths #9870, #10169, #10179) or from an evolved 
source, resulting from burial and melting of supracrustal rocks that previously interacted 
with surface-derived fluids (xenoliths #9866, #10162, #10163, #10167).  The limited 
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variance in #18O values between metamorphic rims and their corresponding 
igneous/metamorphic cores suggests closed-system isotopic behavior, with no evidence 
for the addition of external fluids during metamorphic rim growth.  In general, the #18O 
values of the metamorphic rims from the Rankin Inlet and Repulse Bay lower crustal 
xenolith suites indicate that the oxygen isotope composition of the lower crust remained 
relatively unmodified through its transient heating and reworking ca. 1.75–1.70 Ga. 
 
3.6. Conclusions 
The zircon and garnet oxygen isotope results reported here for the Rankin Inlet 
and Repulse Bay xenolith suites represent the first such data for the lower crust beneath 
the western Churchill province.  Previous petrogenetic studies of surface rocks in the 
western Churchill province have suggested prolonged and complex tectonothermal and 
magmatic histories (Berman et al., 2007).  The zircon oxygen isotope results presented 
here, combined with the U-Pb results of Chapter 2 are consistent with this suggestion of a 
complex tectonic/petrogenetic history, and indicate a heterogeneous lower crust that was 
generated by both mantle-derived and evolved, crust-derived magmas.  Four petrogenetic 
phases of crustal evolution are represented by the two lower crustal xenolith suites, 
including initial formation of evolved crust at ca. 3.5 Ga, widespread juvenile and 
evolved magmatism between ca. 3.0–2.6 Ga, localized thermal reworking of the lower 
crust induced by orogeny at ca. 2.0–1.9 Ga, and regional transient heating and thermal 
reworking of the lower crust by mantle-derived magma underplating along the base of the 
crust between ca. 1.75–1.70 Ga.    
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Chapter 4. Redistribution of radiogenic Pb in zircon during granulite-facies 
metamorphism revealed by detailed SHRIMP U-Pb geochronology and electron 
nanobeam analysis of zircon from lower crustal xenoliths, western Churchill 
province, Nunavut, Canada 
 
4.1. Introduction 
 Zircon is a unique accessory mineral that serves as a robust U-Pb geochronometer 
to determine the age of most igneous and metamorphic rocks, and minimum ages of 
sedimentary rocks.  Trace elements (U, Th, Hf, Y and REE) are commonly incorporated 
in the zircon crystal structure during crystallization through substitution of structural Zr4+ 
by U4+, Th4+ and Hf4+ (4-coordinated Zr-site) and Si4+ by P5+, Y3+ and REE3+ (8-
coordinated Si-site) (Finch and Hanchar, 2003; Hoskin and Schaltagger, 2003).  
Independent dual-decay process (i.e., 238U to 206Pb and 235U to 207Pb) within zircon allow 
for the construction of a concordia diagram and assessment of closed-system behavior 
(Wetherill, 1956; Tilton, 1960).  The identification of discordant U-Pb dates and the 
mechanisms that cause discordance, therefore, is of paramount importance to accurate 
interpretation, particularly in regions of the deep crust prone to transient high-temperature 
events (Davis, 1997; Moser and Heaman, 1997).  In such an environment, particular 
attention must be paid to the relationship between isotopic compositions and any spatially 
associated chemical changes and micro-structures, as the latter may be indicative of lower 
crustal processes that disturb ages in this otherwise remarkably robust mineral (Moser et 
al., 2009).  This chapter presents a detailed examination of the relationship of U-Pb 
discordance with chemical and micro-structure changes in zircons from the lower crust 
beneath portions of the western Churchill province crust. 
110
Zircon exhibits among the most sluggish rates of ionic diffusion of all natural 
materials (Cherniak and Watson, 2003; Watson and Baxter, 2007).  This allows for 
retention of original major and trace element contents (i.e., U, Th, Y, REE, Hf, etc.), and 
commonly, preservation of radiogenic Pb isotopes and associated U-Pb ratios throughout 
high-temperature metamorphism and anatexis (Silver and Deutsch, 1963; Cherniak and 
Watson, 2001).  Experimental studies of Pb-diffusion in zircon have continued for over 
30 years in an effort to better understand the mechanisms responsible for apparent Pb-loss 
in zircon and discordance during U-Pb dating (Davis et al., 2003a). 
Significant Pb-loss following metamictization has long been recognized 
(Wetherill, 1956; Pidgeon et al., 1966; Ewing, 1994; Cherniak and Watson, 2001).  Other 
processes implicated in Pb-loss include recrystallization resulting from 
dissolution/reprecipitation (Wayne and Sinha, 1992; Hoskin et al., 1998; Martin et al., 
2008), strain-induced Pb-loss in lower crustal zircons (Moser et al., 2009), and solid-state 
recrystallization related to high-temperature metamorphism (Hoskin and Black, 2000).  
Nonetheless, empirical evidence of zircon’s ability to resist volume diffusion has been 
exemplified in U-Pb geochronology studies that reveal some zircons to be Earth’s oldest 
mineral at 4.4 Ga, occurring as detrital zircons from the ca. 3.2 Ga Jack Hills quartzite of 
the Yilgarn craton, Australia (Peck et al., 2001).  In the Canadian Shield, records of early 
Archean crust formation are preserved in 4.03–3.40 Ga zircons from the Acasta Gneiss 
complex of the Slave craton (Stern and Bleeker, 1998; Bowring and Williams, 1999; 
Iizuka et al., 2007) and by a ca. 4.04 Ga inherited zircon core within the ca. 2.67 Ga 
Super Mario megacrystic granite (Martel et al., 2008). 
The most extreme tectonic environments capable of facilitating Pb-diffusion in 
zircon exist within the lower crust and upper mantle, where zircon commonly occurs in 
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granulite-facies rocks (Davis, 1997; Moser and Heaman, 1997).  These zircons are subject 
to prolonged exposure to ambient temperatures of 400 to 500°C, depending on 
geothermal gradient, and can be heated up to ~ 1000°C during periods of underplating of 
basaltic magmas along the crust-mantle transition (Rudnick and Williams, 1987; Hanchar 
and Rudnick, 1995; Davis, 1997; Moser and Heaman, 1997; Schmitz and Bowring, 2000; 
Davis et al., 2003b).  The absolute duration of exposure to elevated temperatures is also 
potentially much longer in the lower crust than in high-grade metamorphic rocks related 
to orogenesis, with durations of 20 to 40 Ma in an orogenic-related, high-grade setting 
and up to 80 Ma in the lower crust within an Archean craton (Moser et al., 2008).  
Despite these extreme environmental conditions, empiric Pb-diffusion studies have shown 
no evidence for volume Pb-diffusion in zircon exposed to lower crustal conditions, with 
only evidence of Pb-loss related to solid-state recrystallization and associated formation 
of high-angle grain boundaries within pre-existing zircon (Bowman et al., 2011).  In 
contrast, a large number of zircons from the Rankin Inlet and Repulse Bay lower crustal 
xenolith suites (Chapter 2) exhibit evidence for U-Pb discordance and geologically 
meaningless dates.  
Several empirical diffusion studies of zircon from granulite-facies rocks 
(McFarlane et al., 2005; Davis et al., 2008; Moser et al., 2009; Flowers et al., 2010) have 
noted U-Pb discordance and geologically insignificant intermediate dates, between 
primary crystallization and high-grade metamorphism.  Strain and linear defects in crystal 
structures can lead to fast diffusion pathways (Hacker and Christie, 1991).  In the absence 
of obvious strain micro-structures, accumulated crystal structure strain has been called 
upon to explain U-Pb discordance in zircon exposed to high-temperature metamorphism 
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(McFarlane et al., 2005; Davis et al., 2008; Flowers et al., 2010).  Moser et al. (2009) 
demonstrated that lower crustal mylonitization can produce defect networks that facilitate 
high-diffusivity pathways for Pb and exchange of trace elements.  Shear zones in 
individual zircons are identified by sub-micrometer-scale changes in trace element zoning, 
as revealed by cathodoluminescence (CL) imaging.  
Zircons obtained from kimberlite-derived lower crustal xenoliths (granulite-facies 
metabasite and metatonalite/anorthosite) in the western Churchill province exhibit an 
unusual range of dates, including one xenolith with a range of ca. 3.5–1.7 Ga (Chapter 2).  
Although the SHRIMP U-Pb results from this study indicate three broad end-member 
components – older igneous (ca. 3.50–2.60 Ga) and metamorphic (ca. 2.0–1.9 Ga) cores 
and younger metamorphic rims (ca. 1.75–1.70 Ga), several intermediate U-Pb dates were 
obtained.  In some cases, these dates were in conflict with relative structural ages of cores 
and rims.  In order to improve the accuracy of U-Pb geochronology of the lower crust, a 
closer examination of these zircons was undertaken.  Fine-scale SHRIMP U-Pb 
measurements and electron nanobeam analysis on eight zircons from five xenoliths has 
revealed high-temperature micro-structures that are difficult to recognize using 
conventional methods and are the result of what is potentially an under-recognized 
mechanism for U-Pb discordance. 
 
4.2. Geological Setting and Sample Descriptions 
 The western Churchill province of the northern Canadian Shield is comprised 
mostly of reworked Neoarchean gneissic granitoids and volcanic-sedimentary 
supracrustal rocks that contain younger Neoarchean and Paleoproterozoic plutonic rocks, 
which are overlain by extensive Paleoproterozoic sedimentary sequences (Hoffman, 
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1988; Hanmer et al., 1995).  The western Churchill province has been subdivided based 
on contrasting lithology and tectonothermal histories into the Rae and Hearne provinces 
(Hoffman, 1988) and the Chesterfield domain, with the latter a distinct crustal block 
consisting mostly of high-grade metamorphic rocks along the boundary of the Rae-
Hearne (Berman et al., 2007).  Geological mapping, geochronology, and petrogenetic 
studies of surface rocks in the Rae, Hearne, and Chesterfield suggest a prolonged and 
complex crustal evolution.  This evolution includes initial supracrustal and plutonic crust 
formation at 2.74–2.58 Ga, late-Archean metamorphism (ca. 2.58 Ga) along the Rae-
Chesterfield crustal boundary, amalgamation of the Hearne with the Rae-Chesterfield 
beginning at ca. 2.0 Ga, termination of amalgamation and associated high-grade 
metamorphism at ca. 1.92 Ga (Hoffman, 1988; Hanmer et al., 1995; Davis et al., 2004; 
Davis et al., 2006; Flowers et al., 2006; Berman et al., 2007; Martel et al., 2008), and 
Paleoproterozoic intracratonic magmatism and regional extensional basin formation up to 
ca. 1.75 Ga (Peterson, 2006). 
The two kimberlite-derived lower crustal xenoliths suites (Chapter 1 – Fig. 1.1), 
previously discussed in Chapter 2 and 3 with additional detailed U-Pb results reported 
here, consist of four granulite-facies metabasite xenoliths from the Rankin Inlet region 
(Shear Diamonds Ltd., Churchill project) and three granulite-facies 
metatonalite/anorthosite xenoliths and five granulite-facies metabasite xenoliths from the 
Repulse Bay region (Stornoway Diamond Corp., Qilalugaq project).  The lower crustal 
xenoliths from both suites have sub-angular to rounded outer margins, with mostly oblate 
shapes, and range in diameter from ~ 2–9 cm and have mostly granoblastic textures.  
Zircon obtained from both lower crustal xenolith suites are subdivided into three distinct 
populations on the basis of textural morphologies and trace element chemistry.  These 
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include (1) igneous cores, identified in one metabasite from the Rankin Inlet suite (#9865) 
and three metatonalite/anorthosite xenoliths from the Repulse Bay suite (#10158; #10164; 
#10168), (2) metamorphic cores, from one metabasite xenolith from the Rankin Inlet suite 
(#9864), and (3) metamorphic rims, which were identified in all xenoliths from both 
lower crustal xenolith suites.  Scanning electron microscopy (SEM)-CL (colour) imaging 
of the igneous cores shows these as having a low or muted (dark) to bright CL response, 
with well defined oscillatory planar zoning, whereas the metamorphic cores from #9864 
are mostly dark in CL and exhibit complex to radial-sector zoning.  Metamorphic rims 
exhibit similar textures throughout all xenoliths and have a bright and uniform CL 
response, typically with no internal zoning (Chapter 2).  
As described in Chapter 3, secondary ion mass spectrometry (SIMS) oxygen 
isotope and U-Pb results for zircon reveal four major petrogenetic events affecting these 
lower crustal xenolith suites.  These events include: (1) formation of Paleoarchean crust at 
ca. 3.5 Ga through recycling and melting of surface-derived rocks that interacted with 
low-temperature fluids, (2) widespread basaltic/gabbroic and tonalite/anorthosite crust 
formation between ca. 3.0–2.6 Ga, from both juvenile and recycled, surface-derived 
magmatic sources, (3) localized reworking of basaltic/gabbroic rocks in the Rankin Inlet 
region between ca. 2.0–1.9 Ga, which was related to formation of the 1.92 Ga Snowbird 
Tectonic zone during amalgamation of the Hearne to the already assembled Rae-
Chesterfield, (4) regional reworking of the lower crust at ca. 1.75–1.70 Ga related to 
underplating of mantle-derived magmas along the crust-mantle interface, and subsequent 
intracratonic extension of the western Churchill province lithosphere. 
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4.3. Methods 
The lower crustal xenoliths examined here were collected from two distinct 
kimberlite fields in the Rankin Inlet and Repulse Bay regions of Nunavut, Canada.  Four 
granulite-facies metabasite xenoliths were obtained from the ca. 225–170 Ma Rankin 
Inlet kimberlite field (Zurevinski et al., 2008), whereas three granulite-facies 
metatonalite/anorthosite xenoliths and five granulite-facies metabasite xenoliths were 
collected from the Repulse Bay kimberlite field.  Although an exact emplacement date 
has not yet been determined for the Repulse Bay kimberlite field, based on similarity to 
the nearby 558 Ma Aviat kimberlite field (Scott Smith, 2008), 550 Ma is suggested to be 
its approximate age.  Additional details regarding sampling procedure and mount 
preparation for ion probe analysis (Session 1 – SHRIMP II and Cameca IMS 1280) are 
given in Chapters 2 and 3.  Prior to the SHRIMP analytical session reported here (Session 
2), ion probe analytical pits from the previous U-Pb and oxygen analysis sessions were 
removed by polishing.  The U-Pb age measurements were performed using a SHRIMP II 
at the Geological Survey of Canada (Ottawa, Canada) following the method of Stern 
(1997), with a standard operating mass resolution (M/!M) of ~5000.  In order to 
maximize the spatial distribution of analyses on an individual zircon crystal, a 12 x 9 "m, 
primary ion beam of ~ 5.0 nA was utilized while maintaining sufficient counts.  The raw 
U-Pb ratios measured for the unknown zircons and the GSC zircon standard 6266 were 
processed off-line using SQUID software version 2.74 (Ludwig, 2001), with the U-Pb 
results (Appendix A – Session 2 U-Pb data) reported in the text corresponding to 
207Pb/206Pb model dates and associated 2! analytical uncertainties.  The exact locations of 
the SHRIMP analytical pits, relative to fractures, inclusions and the intended analytical 
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locations, were determined by collecting colour cathodoluminesence (colour CL) and 
secondary electron (SE) images of the zircons, using a Hitachi SU-6600 Field Emission 
Gun SEM (FEG-SEM) in the Zircon and Accessory Phase Laboratory (ZAPLab) at 
Western University.  In addition, electron backscatter diffraction (EBSD) data was 
collected for two zircons (#9864-174; #10158-22) using the Hitachi SU-6600 FEG-SEM 
with a Oxford Instruments Nordlys EBSD detector, with the analytical conditions 
outlined in Appendix E. 
 
4.4. Results 
 In addition to the 299 SHRIMP U-Pb age measurements reported in Chapter 2 
(Session 1), a total of 65 U-Pb measurements were made on eight zircons (Session 2), 
from two metabasite xenoliths from the Rankin Inlet suite (Fig. 4.1 – Appendix A) and 
three metatonalite/anorthosite xenoliths from the Repulse Bay suite (Fig. 4.2 – Appendix 
A).  These 65 U-Pb analyses were obtained to test the spatial variability of U-Pb dates 
within individual zircons (Session 2).  The eight zircons were selected for additional, 
fine-scale U-Pb analysis because they contain growth zone disturbance features (i.e., 
annealed fractures, faded or disrupted growth bands) and/or growth zones that report 
geologically meaningless, intermediate U-Pb dates, which are associated with analytical, 
within-run or spatial Pb-variability (Chapter 2).  All five xenoliths contain either igneous 
core/metamorphic rim or metamorphic core/metamorphic rim populations.  The 
207Pb/206Pb results obtained from these eight zircons broadly correlate with the previously 
reported data for zircon from the associated xenoliths (Session 1 – Chapter 2), including 
the intermediate dates and the results previously obtained for nearby locations within the 
same zircons (Figs. 4.1, 4.2). 
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Figure 4.1. Colour cathodoluminescence (including ultraviolet light) and secondary 
electron SEM images of three zircons from the Rankin Inlet lower crustal xenolith suite, 
with SHRIMP 207Pb/206Pb results (Ma) from Session 1 (solid-line ellipse – Chapter 2) and 
Session 2 (dashed-line ellipse – detailed U-Pb results reported in this study). SEM (CL 
and SE) images of Session 1 and 2 are representative of their associated zircon surfaces 
following SHRIMP U-Pb and oxygen-isotope Session 1 (Chapter 2 and Chapter 3, 
respectively), and following SHRIMP U-Pb Session 2 (results reported here). Detailed 
descriptions of zircons (A) #9864-47, (B) #9864-174 and (C) #9865-14 are discussed in 
the supporting text. 
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Figure 4.2. Colour cathodoluminescence (including ultraviolet light) and secondary 
electron SEM images of three zircons from the Repulse Bay lower crustal xenolith suite, 
with SHRIMP 207Pb/206Pb results (Ma) from Session 1 (solid-line ellipse – Chapter 2) and 
Session 2 (dashed-line ellipse – detailed U-Pb results reported in this study). SEM (CL 
and SE) images of Session 1 and 2 are representative of their associated zircon surfaces 
following SHRIMP U-Pb and oxygen-isotope Session 1 (Chapter 2 and Chapter 3, 
respectively), and following SHRIMP U-Pb Session 2 (results reported here). Detailed 
descriptions of zircons (A) #10158-22, (B) #10164-34 and (C) #10168-12 are discussed 
in the supporting text. 
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 4.4.1. Rankin Inlet Xenolith Suite 
Xenolith #9864 – Metabasite 
 Two zircons were selected for more detailed U-Pb analysis (Session 2) from the 
metabasite xenolith #9864 (#9864-47; #9864-174).  In general, zircons from this xenolith 
consist of ca. 2.00–1.90 Ga metamorphic cores that are often mantled by ca. 1.75 Ga 
metamorphic rims (Chapter 2).  Zircon #9864-47 is characterized by a dark, radial-sector 
zoned metamorphic core, mantled by a thin bright and unzoned rim.  A total of 12 U-Pb 
measurements were made on this metamorphic core, with their 207Pb/206Pb dates ranging 
from 1986 ± 13 Ma to 1712 ± 17 Ma (Fig. 4.1A).  These results compare well with three 
previous analyses of 1749 ± 17 Ma, 1949 ± 26 Ma and 1780 ± 28 Ma.  A relationship is 
observed in zircon #9864-47 between the youngest 207Pb/206Pb dates and an increased 
presence of complex or disturbed growth zoning in the interior to upper-middle of the 
zircon (Fig. 4.1A).  The SEM-CL images of a second zircon (#9864-174) reveal a dark, 
complex to radial sector zoned metamorphic core, with complex and irregular zoning in 
the interior, and a thin, bright rim along the outer margin  (Fig. 4.1B).  Irregular, vein-like 
networks that cross-cut primary growth banding and trend from the exterior to the interior 
of the metamorphic core are a distinctive CL micro-structure within this zircon.  The 
structures are not associated with negative relief on the zircon surface in SE, and 
therefore do not represent modern fractures.  A total of 10 U-Pb SHRIMP analyses were 
performed on zircon #9864-174, with the 207Pb/206Pb dates ranging from 1960 ± 43 Ma to 
1659 ± 38 Ma; only two dates are older than 1726 ± 30 Ma (Appendix A, Fig. 4.1B).  
These dates are similar to two previous 207Pb/206Pb dates of 1700 ± 15 Ma and 1762 ± 10 
Ma.  A spatial relationship is observed here between the youngest 207Pb/206Pb dates and 
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growth zones containing the highest-intensity CL micro-structures (Fig. 4.1B).  The 
EBSD data for zircon #9864-174 (Fig. 4.3A) indicates a change of up to ~ 6° in the 
orientation of the crystal structure, with the largest such structural change observed in the 
growth zone containing the highest-intensity CL micro-structures (Fig. 4.3B)  
 
Xenolith #9865 – Metabasite 
 U-Pb analysis was performed on zircons #9865-3 and #9865-14 from metabasite 
xenolith #9865.  In general, zircons from this xenolith consist of igneous cores with dates 
ranging from ca. 2.90 to 2.60 Ga and metamorphic rim overgrowths dated at ca. 1.76 Ga 
(Chapter 2).  Seven 207Pb/206Pb dates were obtained from zircon #9865-3, ranging from 
2724 ± 84 Ma to 2163 ± 171 Ma (Appendix A), consistent with three previous 207Pb/206Pb 
dates of 2256 ± 16 Ma, 2572 ± 26 Ma and 2800 ± 105 Ma (Chapter 2).  Zircon #9865-14 
is characterized as a bright, mostly unzoned zircon in SEM-CL (Fig. 4.1C), with similar 
textural characteristics to other metamorphic rims from the xenolith.  However, the 
preservation of relict (i.e., faded) concentric banding may suggest that this zircon core is a 
remnant of a primary, igneous crystal that experienced solid-state recrystallization 
(Hoskin and Black, 2000).  A total of 11 U-Pb measurements were performed on zircon 
#9865-14, with the 207Pb/206Pb dates spanning 2790 ± 103 Ma to 2242 ± 147 Ma.  These 
results broadly correlate with three previous 207Pb/206Pb dates of 2528 ± 26 Ma, 2771 ± 93 
Ma and 2357 ± 145 Ma.  No correlation is apparent between the 207Pb/206Pb dates and the 
CL intensity of the relict (recrystallized) growth banding (Fig. 4.1C). 
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Figure 4.3. Measurements of zircon crystal structure orientation by electron backscatter 
diffraction (EBSD) compared to cathodoluminescence (CL) images. EBSD maps (A, C) 
and colour CL (including ultraviolet light) (B, D) SEM images of zircons #9864-174 (A, 
B) from the Rankin Inlet lower crustal xenolith suite and #10158-22 (C, D) from the 
Repulse Bay lower crustal xenolith suite. The colour CL images include the location of 
SHRIMP 207Pb/206Pb analyses (Ma) from U-Pb Session 2 (dashed-line ellipse). Cross-
hairs shown in the EBSD maps indicate the reference orientation for measured angular 
misorientation across the grain surface. Note the strong spatial relationship between the 
CL micro-structures and orientation microstructural changes for zircon #9864-174, 
whereas no measurable crystal structure strain is associated with the CL micro-structures 
for zircon #10158-22. 
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4.4.2. Repulse Bay Xenolith Suite 
Xenolith #10158 – Metatonalite/anorthosite 
 One zircon from metatonalite/anorthosite xenolith #10158 was selected for 
additional U-Pb analysis (#10158-22).  In general, zircons from #10158 consist of ca. 
2.90–2.60 Ga igneous cores, mantled by ca. 1.75 Ga metamorphic rims (Chapter 2).  Nine 
U-Pb measurements were made on the igneous core of zircon #10158-22, with the 
207Pb/206Pb dates ranging from 2564 ± 28 Ma to 1888 ± 17 Ma (Fig. 4.2A).  These results 
compare well with three previous core 207Pb/206Pb dates of 2357 ± 15 Ma, 2379 ± 40 Ma 
and 2026 ± 15 Ma.  In SEM-CL, zircon #10158-22 exhibits a dark, oscillatory zoned 
igneous core surrounded by a bright and unzoned metamorphic rim, with the core 
containing zones of irregular structures that are interpreted to represent annealed, 
nanometer-wide fractures (Chapter 2).  A positive spatial relationship exists in zircon 
#10158-22 between an increased presence of these micro-structures and the occurrence of 
intermediate U-Pb results (Fig. 4.2A; Chapter 2 – Fig. 2.7).  The EBSD data for zircon 
#10158-22 indicates no significant changes in the crystal structure orientation (Fig. 4.3C), 
in particular, in the location of the observed CL micro-structures (Fig. 4.3D) 
  
Xenolith #10164 – Metatonalite/anorthosite 
 Two zircons from the metatonalite/anorthosite xenolith #10164 were selected for 
detailed U-Pb analysis (#10164-34; #10164-56).  The igneous cores in this xenolith have 
the oldest ages from the two xenolith suites, up to ca. 3.50 Ga, with zircons in this 
xenolith also having ca. 1.75 Ga metamorphic rim overgrowths (Chapter 2).  Six U-Pb 
analyses were made on the igneous core of #10164-34 and two were made on the core of 
#10164-56, with the 207Pb/206Pb dates ranging from 3578 ± 88 Ma to 1914 ± 20 Ma for 
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#10164-34, and 2891 ± 74 Ma and 2867 ± 16 Ma for #10164-56 (Appendix A).  The 
results from #10164-34 are broadly similar to two previous core 207Pb/206Pb dates of 3339 
± 9 Ma and 3334 ± 75; one previous U-Pb analysis from #10164-56 yielded a 207Pb/206Pb 
date of 3136 ± 102 Ma (Chapter 2).  In SEM-CL, zircon #10164-34 has a bright to dark, 
oscillatory to planar zoned igneous core, with some irregular to complex zoning, and is 
mantled by a moderate-dark, unzoned metamorphic rim (Fig. 4.2B).  Analysis #10164-
34.10 produced a much younger 207Pb/206Pb date (1914 ± 20 Ma) than other results from 
the core.  The analytical pit appears to straddle the core-rim boundary in SEM-CL/SE 
(Fig. 4.2B) and it likely that this analysis represents a mixed age.  Although no micro-
textures are observed in zircon #10164-34, a correlation exists between an increased 
presence of complex, irregular growth zoning in the upper portion of the core and the 
youngest core 207Pb/206Pb date. 
 
Xenolith #10168 – Metatonalite/anorthosite 
 One zircon (#10168-12) was selected from metatonalite/anorthosite xenolith 
#10168 for U-Pb analysis.  Zircons from this xenolith generally consist of ca. 3.00–2.60 
Ga igneous cores that are mantled by ca. 1.70 Ga metamorphic rims.  A total of eight U-
Pb analyses were performed on the igneous core of zircon #10168-12, with 207Pb/206Pb 
dates ranging from 2482 ± 426 Ma to 1669 ± 21 Ma (Appendix A).  These differ from 
two previous 207Pb/206Pb dates of 1814 ± 34 Ma and 2954 ± 28 Ma (Fig. 4.2C).  In SEM-
CL, zircon #10168-12 consists of a dark, oscillatory zoned igneous core mantled by a 
brighter and unzoned metamorphic rim.  No apparent correlation exists between the CL 
growth textures and the 207Pb/206Pb dates (Fig. 4.2C). 
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4.4.3. Pb Isotopic Variability and Textural Analysis of Zircon 
 The eight zircons examined here contain a wide range of 207Pb/206Pb dates 
(Appendix A).  These results are consistent with those reported in Chapter 2 for this 
xenolith, including a large number of intermediate U-Pb results that lie between the 
inferred end-member core and rim ages.  A small number of the intermediate U-Pb results 
(approximately ~5 to 10%), as also reported in Chapter 2, have higher than normal 
analytical uncertainties relative to a typical SHRIMP U-Pb analytical session (with 
comparable analytical count rates).  Examples of these high analytical uncertainties 
include analyses #9865-3.4 with a 207Pb/206Pb date of 2468 ± 311 Ma, #9865-14.14 with a 
207Pb/206Pb date of 2614 ± 182 Ma, and #10168-12.10 with a 207Pb/206Pb date of 2482 ± 
426 Ma.  The high analytical uncertainties associated with these U-Pb results are 
interpreted to reflect high, within-run Pb-variability, which results from variability in 
count rates between individual scans, therefore producing high standard errors during data 
reduction (Davis et al., 2008).  During SHRIMP U-Pb analysis, high Pb-variability was 
commonly observed as significant differences in the secondary beam-normalized, Pb 
isotope (i.e., 206Pb, 207Pb and 208Pb) count rates of a single scan within an individual U-Pb 
analysis  (Fig. 4.4), with a single analysis consisting of 5 to 8 scans and an analytical pit 
depth of ~ 0.5 to 2.0 µm.  This observed Pb-variability is decoupled from the parent 
isotopes (i.e., 235U, 238U and 232Th), common Pb, and structural Zr2O (Fig. 4.4 – #9865-
14.14) and is likely the cause of apparent high normal (positive) and reverse (negative) 
discordance (Appendix A).  The absence of Pb-variability during U-Pb analysis of the 
6266 standards (Fig. 4.4 – 6266-9.2) suggests the high Pb-variability does not result from 
unstable analytical conditions during the analytical session.  In addition, it is unlikely that 
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Figure 4.4. Example of Pb-variability that occurred during SHRIMP U-Pb analysis 
(Session 2) in zircon from the lower crustal xenolith suites.  The plots include secondary 
beam monitor normalized count rates of individual analytical scans (a total of 7 for each 
SHRIMP analysis here) for each isotopic species. Two analyses are shown here: an 
analysis of zircon standard 6266-9.2, with normal Pb behavior, and an analysis of zircon 
#9865-14.14, with variable Pb count rates.  The counting statistic errors associated with 
the data points are generally better than ± 1%. 
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the intracrystalline Pb-variability observed for #9865-14.14 results from exposure to low-
temperature surface processes (i.e., metamictization), given that this zircon has associated 
Raman FWHM values of ~ 4 cm-1.  Instead, we are confident that the high Pb-variability 
is specific to zircon from the lower crustal xenoliths.  Similar behavior has been reported 
previously for metamorphic zircons from other granulite-facies metamorphic rocks 
(Davis et al., 2008), and suggests a Pb-variability process inherent to zircon in such high-
grade metamorphic rocks. 
High-resolution SEM-CL imaging of the zircons reveals numerous nanometer- to 
micrometer-scale, micro-structures in the igneous and metamorphic cores (Figs. 4.5, 4.1B, 
respectively).  The micro-structures consist of bright and irregular, veinlet features that 
are nanometers to micrometers wide (Fig 4.5).  They are found exclusively within the 
igneous and metamorphic cores and are typically truncated along core-rim boundaries 
(Fig. 4.5).  In SEM-SE, the absence of distinct changes in relief along the zircon surface, 
in proximity to location of the CL micro-structures, indicates that they are not modern 
fractures.  In addition, the irregular, micro-textures are not the result of linear, artificial 
scratches on the surface produced during sample polishing (Figs. 4.5D, F).  Instead the 
micro-textures are interpreted as networks of nanometer- to micrometer-scale, annealed 
fractures.  These annealed fractures commonly occur in zones characterized by high, 
within-run Pb-variability or intermediate- U-Pb results (Figs. 4.1B, 4.5), and therefore, 
are likely an important cause of radiogenic Pb-isotope variability within the zircon crystal 
structure. 
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Figure 4.5. U-Pb results and textural analysis of zircon crystal #10158-22. (A) Concordia 
diagram of detailed U-Pb results. (B–F) Colour cathodoluminescence (CL, including 
ultraviolet light) (B, C, E) and secondary electron SEM (SEM-SE) images (D, F), with 
SHRIMP 207Pb/206Pb results (Ma) from Session 1 (solid-line ellipse – Chapter 2) and 
Session 2 (dashed-line ellipse – detailed U-Pb results reported in this study): (B) 
oscillatory zoned igneous core with intermediate-age 207Pb/206Pb results, mantled by ca. 
1.8 Ga unzoned metamorphic zircon rim; (C, E) CL micro-textures consisting of networks 
of irregular, vermiform features that cross-cut primary textural banding and are associated 
with intermediate-age 207Pb/206Pb results; (D, F) SEM-SE showing the absence of any 
relationship between micro-textures (as observed in CL) and present-day fractures, or 
changes in surface topography. 
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4.5. Discussion  
4.5.1. Source(s) of Pb-Variability in Zircon from the Lower Crustal Xenoliths 
The wide range in U-Pb results reported here for eight zircons from the Rankin 
Inlet and Repulse Bay lower crustal xenolith suites indicates high radiogenic Pb isotope 
variability relative to parent U isotopes.  This Pb-variability is represented by: (a) 
significant, within-run Pb-variability during individual U-Pb analyses, which represents 
changes in relative Pb isotope abundances with depth – irrespective of parent isotopes, 
common Pb or structural zirconium (e.g., Fig. 4.4), (b) spatial differences in the 
207Pb/206Pb dates between adjacent U-Pb analytical pit locations from near-identical CL 
zones within an individual zircon crystal, and (c) differences in the 207Pb/206Pb dates 
obtained from similar CL zones from different zircons obtained from the same xenolith 
(e.g., Figs. 4.1, 4.2).  We interpret these analytical and spatial representations of Pb-
variability to reflect significant changes in the concentration of radiogenic Pb isotopes, 
and associated U-Pb ratios, over sub-micrometer-scale distances within the zircon crystal 
structure.  Consideration of the textural and structural features observed in SEM-CL in 
combination with the U-Pb results indicates two distinctive features are spatially 
associated with examples of Pb-variability, namely: (a) micro-fracture (i.e., micro-
structure) formation and subsequent annealing in cores (e.g., Fig. 4.5), and (b) faded 
zoning resulting from partial core recrystallization (e.g., Fig. 4.1C).  This spatial 
relationship between Pb-variability and the two textural/structural features suggests that 
the processes responsible for their formation are inherently related to Pb-disturbance 
within the zircon crystal structure, including Pb-redistribution and/or partial Pb-loss. 
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Pb-Disturbance Related to Micro-Structure Formation 
A spatial association is apparent between the core zones that contain numerous 
networks of annealed fractures and evidence for partial Pb-loss and/or Pb-redistribution 
(Fig. 4.5).  This relationship is apparent in zircons #9864-174 and #10158-22, in which 
SEM-CL has revealed extensive and moderate numbers of annealed fractures, 
respectively (Figs. 4.1B, 4.5).  Zircon #9864-174 contains large numbers of annealed 
fractures from the exterior margin of the metamorphic core towards its interior (Fig. 
4.1B), with 207Pb/206Pb dates ranging between the metamorphic core and metamorphic 
rim end-member ages (i.e., ca. 2.00–1.90 Ga to ca. 1.70 Ga).  The prevalence of ca. 1.70 
Ga dates within the interior of the metamorphic core, and their strong association with 
abundant annealed fractures, suggests that near-complete age resetting was facilitated by 
extensive fracturing of this core during ca. 1.75–1.70 Ga metamorphic rim growth.  
Growth zones in the core that contain fewer annealed fractures, or no evidence of 
fracturing, yield 207Pb/206Pb dates that represent either intermediate U-Pb ages or reflect 
an undisturbed, ca. 2.00–1.90 Ga metamorphic core age.  This behavior is corroborated 
by the EBSD data for zircon #9864-174, which indicates a spatial association between 
growth zones containing the highest-intensity annealed fractures, as well as reset 
207Pb/206Pb dates (ca. 1.70 Ga), and the strongest changes in the crystal structure 
orientation (up to ~6°) (Fig. 4.3A, B).  Such orientation changes reflect the development 
of strain-related low-angle boundaries in the zircon structure, and can serve as high-
diffusivity pathways for Pb-loss and/or Pb-redistribution (Moser et al., 2009).  However, 
the level of precision obtained for individual U-Pb analyses and limited age differences 
between ca. 2.00–1.90 Ga cores and ca. 1.75–1.70 Ga metamorphic rims of xenolith 
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#9864 restricts the ability to resolve all intermediate U-Pb dates that may exist in this 
zircon.  By comparison, annealed fractures in zircon #10158-22 are an order of magnitude 
smaller than those identified in #9864-174, and instead of having dates indicative of 
complete age resetting, the annealed fractures are associated with intermediate U-Pb 
results, between the igneous core (i.e., ca. 2.90–2.60 Ga) and metamorphic rim (i.e., ca. 
1.75–1.70 Ga) end-member ages (Fig. 4.5).  In addition, no crystal orientation changes 
are identified by the EBSD data for zircon #10158-22 (Fig. 4.3C, D), which likely 
suggests the finer-scale annealed fractures did not accommodate strain of the zircon 
structure greater than the 0.5° resolution of the EBSD analyses. 
The observed relationship between the intensity of fracturing and the degree of 
isotopic age resetting implies variable rates of radiogenic Pb-removal from the igneous 
and metamorphic cores depending on the extent of fracturing.  Truncation of annealed 
fractures along core-rim boundaries, and their association with core zones that display 
partial to complete isotopic age resetting, indicates that fracturing and subsequent 
annealing either preceded or occurred synchronously with metamorphic rim formation at 
ca. 1.75–1.70 Ga. 
 
Pb-Disturbance Related to Solid-State Recrystallization 
Faded or disrupted growth bands in the igneous and metamorphic cores, and relict 
zoning in metamorphic rims, were commonly identified using SEM-CL (e.g., Fig. 4.1C; 
Chapter 2).  These features indicate partial recrystallization of primary textures through 
loss of zoning and redistribution of trace elements (Hoskin and Black, 2000).  Zircons 
that retain evidence of this partial recrystallization commonly yielded a wide range of U-
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Pb results, with a large number of these considered intermediate between the core and rim 
end-member ages.  The intermediate U-Pb results define discordant arrays between ca. 
2.60 and ca. 1.75–1.70 Ga for igneous core-metamorphic rim zircons and between ca. 
1.90 and 1.75 Ga for metamorphic core-metamorphic rim zircons.  This behavior implies 
partial recrystallization at ca. 1.75–1.70 Ga, accompanied by partial to complete age 
resetting, and removal of Pb from the zircon crystal structure. 
 
4.5.2. Mechanisms for Micro-Structure Formation and Recrystallization, and Associated 
Pb-Redistribution: ca. 1.75–1.70 Ga Granulite-Facies Metamorphism 
Previous studies of Pb-disturbance and/or Pb-variability in zircon exposed to 
granulite-facies metamorphism report similar Pb-mobility as described above, including 
discordant, intermediate U-Pb results between core-rim end-member ages (Davis et al., 
2008; Flowers et al., 2010), and distinct differences in U-Pb dates from continuous CL 
zones within an individual zircon crystal (McFarlane et al., 2005).  These studies include 
ca. 1.85 Ga metamorphic zircons that were affected by contact metamorphism initiated by 
emplacement of ca. 1.32 Ga plutons of the Nain Plutonic Suite of northern Labrador, 
Canada (McFarlane et al., 2005), zircons from the 1.92 Ga Snowbird Tectonic Zone from 
elsewhere in the western Churchill province (Flowers et al., 2010), and kimberlite-derived 
lower crustal xenoliths from the Kapvaal craton that indicate reworking and structural 
modification in the lower crust induced by the 2020 ± 3 Ma Vredefort meteor impact 
(Moser et al., 2009). 
In the western portion of the Nain province, ca. 1.85 Ga metamorphic zircons, 
which developed during the Torngat orogeny, were subjected to ca. 1.32 Ga contact 
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metamorphism (> 800°C) and yield an array of intermediate U-Pb dates between the two 
metamorphic end-member events (McFarlane et al., 2005).  The wide range of 
intermediate dates, which were obtained over micrometer-scale distances within 
individual metamorphic zircons, are interpreted to reflect heterogeneous intracrystalline 
Pb-redistribution during exposure to granulite-facies contact metamorphism.  The 
mechanism for such behavior is suggested to be accumulated crystal structure strain along 
growth zone boundaries in the sector-zoned metamorphic zircons, which resulted from 
rapid exposure to high-temperature thermal conditions.  During such thermal exposure 
this process comprises two temporal stages: (1) volume expansion and associated 
structural strain along the boundaries of high-U and low-U sectors, and (2) recovery of 
accumulated structural strain through Pb-removal and/or Pb-redistribution (McFarlane et 
al., 2005).  Flowers et al. (2010) report similar evidence of Pb-variability in 2.55 Ga 
metamorphic zircons exposed to ca. 1.90 Ga thermal metamorphism (~1.0 GPa, 800–
850°C) during formation of the 1.92 Ga Snowbird Tectonic Zone.  They suggest that 
exposure to multiple phases of high-temperature metamorphism, including granulite-
facies, and prolonged residence in the lower crust was the cause of apparent Pb-loss in 
these zircons.  In both studies, the youngest U-Pb dates were obtained from growth zones 
with the lowest U concentrations, which McFarlane et al. (2005) and Flowers et al. (2010) 
suggest is an indication that low-U growth zones are the most susceptible to Pb-mobility.  
However, conclusive evidence for accumulated crystal structure strain is no longer 
preserved in the zircon from these two studies.  Notably, Flowers et al. (2010) explored 
the possibility of micro-structures using EBSD yet were unsuccessful in identifying any 
changes in crystal structure orientation.  Hence, the exact process responsible for such Pb-
variability and its link to granulite-facies metamorphism remains unclear. 
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Moser et al. (2009) report Pb-variability in lower crustal zircons exposed to 
granulite-facies metamorphism in the lower crust of the Kapvaal craton.  Impact of the 
2020 ± 3 Ma Vredefort meteor in this region caused significant structural changes to the 
upper and lower crust, including shock-induced shearing and associated reworking of the 
lower crust.  This is reflected in metamorphic zircons recovered from kimberlite-derived, 
lower crustal xenoliths (0.132 Ga Lace kimberlite), which yield a wide range of 
intermediate U-Pb results between the inferred primary crystallization age (ca. 2.67 Ga) 
and the ca. 2.02 Ga Vredefort impact.  Other evidence for this shear-related lower crustal 
reworking includes partial recrystallization and disturbance of pre-existing zircon growth 
zones, which were observed in SEM-CL in mylonitic fabric domains, and distinct 
orientation changes to the crystal structure, which were detected during EBSD mapping. 
For zircons in the present study from the Rankin Inlet and Repulse Bay xenolith 
suites, annealed fractures and partial recrystallization are interpreted as the cause of Pb-
loss and/or Pb–redistribution.  The mechanism responsible for formation of the annealed 
fractures in the igneous and metamorphic zircon cores is difficult to constrain, as only a 
few studies to date have recognized similar annealed fractures and associated Pb-loss in 
zircon exposed to high-grade metamorphism (Ashwal et al., 1999; Bowman et al., 2011).  
The combined U-Pb results and observed textural relationships suggest annealing of the 
nanometer- to micrometer-scale fractures during ca. 1.75–1.70 Ga thermal metamorphism, 
but this remains to be proven.  We explore two possible formation processes: (a) 
fracturing caused by prolonged near-surface, low-temperature alteration (i.e., 
metamictization), and subsequent annealing at ca. 1.75–1.70 Ga, and (b) fracturing and 
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annealing related to rapid exposure to elevated temperatures during granulite-facies 
metamorphism at ca. 1.75–1.70 Ga. 
Fracturing and associated Pb-loss processes have been documented in zircons that 
have experienced metamictization, including exposure to low-temperature alteration in a 
near-surface setting (Ewing, 1994).  Fractures develop within metamict zircon as a 
response to increased radiation accumulation and breakdown of the crystal structure (i.e., 
amorphization), including density-related expansion, during prolonged residence in a 
near-surface environment, particularly at < ~200°C (Ewing, 1994; Nasdala et al., 2010).  
The resulting fractures serve as ionic mobility pathways along which radiogenic Pb is 
leached from the metamict zircon, commonly in the presence of fluids (Cherniak and 
Watson, 2001).  This process alters the U-Pb ratios in the metamict zones, and when 
subjected to U-Pb analysis, the metamict zircons produce arrays of discordant U-Pb dates 
between the primary crystallization age and the maximum age associated with exposure 
to low-temperature alteration (Nasdala et al., 2010).  Along with significant changes to 
the zircon structure and associated Pb-loss, metamictization results in modification of the 
chemical composition of the affected zircons.  This can include incorporation of P, Ca, Fe, 
Ba and Y from external fluids, and distinct increases in (L)REE, which are commonly 
characterized by flattened LREE patterns and low (Sm/La)N ratios (Geisler et al., 2003; 
Hoskin, 2005).  No discernable evidence was reported in Chapter 2 for distinct chemical 
changes in the Rankin Inlet and Repulse Bay lower crustal zircons containing annealed 
fractures and/or intermediate U-Pb results.  In particular, no increases in Ba and (L)REE, 
or flattened LREE patterns were observed in the zircon trace elements results.  This 
suggests that a process related to metamictization is not a viable mechanism to explain the 
annealed fractures and associated Pb-variability in zircon from the two lower crustal 
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xenolith suites discussed here.  An alternate explanation is that the micro-structures 
described here and the associated Pb-variability are thermally-related, resulting from 
exposure to, and subsequent cooling following high-grade metamorphism at ca. 1.75–1.70 
Ga. 
The timing for recrystallization is indicated by maximum 207Pb/206Pb dates of ca. 
1.75–1.70 Ga, which suggests contemporaneous micro-structure formation and 
recrystallization at ca. 1.75 Ga.  No textural evidence exists in the zircons for a process of 
fluid-assisted recrystallization, triggered by dissolution/reprecipitation.  Distinctive 
features typically associated with such a process include significant increases in total REE 
compositions (Hoskin et al., 1998; Martin et al., 2010), porous growth textures (Wayne 
and Sinha, 1992; Corfu et al., 2003; Martin et al., 2010).  In the absence of such features 
being associated with the recrystallized cores, and the presence of faded or disturbed 
primary growth zones, we propose a process of localized, ca. 1.75–1.70 Ga solid-state 
recrystallization (Hoskin and Black, 2000).  One possible mechanism for initiation of 
solid-state recrystallization and associated Pb-redistribution is provided by the 
accumulation of structural stress in the zircon resulting from the presence of large-radius 
elements (i.e., radiogenic Pb).  During exposure to high-temperature metamorphism, 
growth zones with accumulated crystal structure stress (i.e., instability) become 
susceptible to solid-state recrystallization and the removal of large-radius elements, 
including radiogenic Pb (Hoskin and Black, 2000). 
The absolute timing of recrystallization relative to fracture formation and 
subsequent annealing is unclear, as both features are associated with near identical 
maximum 207Pb/206Pb dates at ca. 1.75–1.70 Ga, however, they were not jointly observed 
within the same zircon.  It is possible that although they are related to a single dynamic 
136
process ca. 1.75–1.70 Ga, their absolute timing differs within this 50 Ma time span.  The 
temporal relationships observed suggest initial fracture formation related to accumulated 
structural stress, immediately followed by solid-state recrystallization at ca. 1.75–1.70 Ga.  
In the first stage, the annealed fractures represent zones of accumulated stress that 
facilitated Pb-loss and/or Pb-redistribution during the early stages of metamorphism (Fig. 
4.1B, 4.5).  Within this initial stage varying degrees of accumulated stress develop in the 
zircon structure.  This gradational process is evident in the CL and EBSD data for zircons 
#9864-174 and #10158-22 (Fig. 4.3), which suggests the scale and intensity of micro-
structure development, as well as the degree of associated Pb-loss and/ Pb-redistribution, 
increases with accumulated structural stress (i.e., change in the crystal structure 
orientation).  This initial stage is then followed by solid-state recrystallization of the 
zones of fracturing/accumulated stress during the final stages of metamorphism (e.g., 
Hoskin and Black, 2000), related to granulite-facies reworking of the lower crust during 
underplating of mantle-derived magmas at ca. 1.75–1.70 Ga. 
The observed correlation of Pb-loss in zircon from the Rankin Inlet and Repulse 
Bay lower crustal xenolith suites suggests an intrinsic relationship between 
intracrystalline Pb-loss and/or Pb–redistribution and zircon exposed to high-grade 
metamorphic conditions.  Textural evidence for this Pb-loss process is represented in 
these zircons as irregular, annealed micro-fractures in CL (Fig. 4.5), and/or faded or 
disrupted growth bands (solid-state recrystallization) (Fig. 4.1C).  The use of high-
resolution Cl imaging to recognize such features in zircon provides future lower crustal 
studies with a tool for recognizing and explaining complex U-Pb results that result from 
intracrystalline Pb-loss and/or Pb–redistribution during high-grade metamorphism.  Re-
investigation of the zircon suites in this study demonstrates Pb-variability within the 
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resolvability of fine-scale, U-Pb analysis and high-resolution CL and EBSD analytical 
techniques, and constrains the tectonic conditions that lead to these Pb-mobility 
phenomena. The aforementioned techniques are important interpretive tools for 
researchers to reconstruct lithospheric evolution using deep crustal zircons. 
 
4.6. Conclusions 
 The SHRIMP U-Pb results and electron nanobeam analyses reported here for the 
Rankin Inlet and Repulse Bay lower crustal xenolith suites provide new insight into a 
process of Pb-redistribution in zircon exposed to high-grade metamorphic conditions.  Pb-
variability on nanometer to micrometer scales within igneous and metamorphic cores is 
documented by within-run Pb-variability, and differing U-Pb results for adjacent analyses 
of the same zircon growth zone, or from near-identical CL zones from different zircons 
within a xenolith.  Textural features that were typically observed in association with these 
examples of Pb-variability in the lower crustal zircons include: (1) networks of irregular, 
annealed fractures observed with CL, often nanometers wide, and (2) faded or disrupted 
growth bands, indicative of solid-state recrystallization of zircon cores, at scales of tens of 
micrometers.  Growth zones containing these textural features produced a large number 
of intermediate U-Pb results between the inferred end-member ages of the igneous and 
metamorphic cores and associated metamorphic rim overgrowths; suggesting that these 
micro-structures were involved in Pb-loss and/or Pb-redistribution within the cores.  The 
annealed fractures occurred with varying size and intensity, including one core containing 
numerous, annealed fractures that recorded U-Pb dates indicative of partial to complete 
age resetting at ca. 1.75 Ga.  Zircons containing textural evidence for solid-state 
recrystallization commonly produced intermediate U-Pb results and/or dates indicative of 
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partial Pb-loss and/or Pb-redistribution at ca. 1.75–1.70 Ga.  Given the strong spatial 
association between partial to complete age resetting and these textural features at ca. 
1.75–1.70 Ga, it is suggested that micro-structure formation and solid-state 
recrystallization, as well as associated Pb-redistribution, occurred during ca. 1.75–1.70 
Ga granulite-facies metamorphism.  It is speculated that creation of these textures and 
related features is related to accumulated crystal structure stress (i.e., development of the 
fracture) during thermal metamorphism and magmatic underplating along the crust-
mantle boundary, immediately followed by breakdown of the zircon structure and solid-
state recrystallization. 
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Chapter 5. Conclusions 
 Two granulite-facies lower crustal xenolith suites were examined from the Rankin 
Inlet and Repulse Bay regions of the western Churchill province, Nunavut, Canada, with 
the Rankin Inlet suite comprising four granulite-facies metabasite xenoliths and the 
Repulse Bay suite comprising five metabasite xenoliths and three 
metatonalite/anorthosite xenoliths.  The petrographic, geochemical and isotopic data 
obtained for these samples lead to the following major conclusions: 
 
1. The dominant metamorphic mineral assemblage of the xenoliths consists of garnet, 
plagioclase, clinopyroxene, orthopyroxene, and ilmenite, with varying amounts of 
quartz and hornblende.  Accessory minerals in the xenoliths most commonly 
include zircon and apatite (medium-grained) and in fewer cases, baddeleyite and 
titanite. 
 
2. Three distinct zircon populations were identified in the two xenolith suites using 
growth textures observed in SEM-CL.  These include: 
a. Igneous cores – oscillatory planar zoned with dark and bright CL banding, 
identified in one metabasite xenolith from the Rankin Inlet suite (#9865) and 
three metatonalite/anorthosite xenoliths (#10158; #10164; #10168) from the 
Repulse Bay suite. 
b. Metamorphic cores – complex to radial-sector zoned with dark sectors in CL, 
identified in one metabasite xenolith from the Rankin Inlet suite (#9864). 
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c. Metamorphic rims – unzoned and bright in CL with faint complex zoning or 
rare relict planar zoning, identified in all samples from both xenolith suites.  
Metamorphic rims commonly mantle the igneous cores in xenoliths #9865, 
#10158, #10164 and #10168 and the metamorphic cores in xenolith #9864. 
 
3. U-Pb dating of zircon from these xenoliths provides new age constraints for the 
lower crust in the western Churchill province, including: 
a. Initial crust formation at 3.50 Ga for the Repulse Bay region (#10158; 
#10164; #10168) and 2.90 Ga in the Rankin Inlet region (#9865), and 
extending to 2.60 Ga – with the youngest of these igneous core ages broadly 
correlating with ca. 2.74–2.67 Ga supracrustal rocks and ca. 2.68–2.58 Ga 
granitoid rocks on the surface. 
b. Localized, reworking of the lower crust in the Rankin Inlet region at ca. 2.00–
1.90 Ga defined by the metamorphic cores from #9864, which reflects 
accretion of the Hearne to the composite Rae-Chesterfield and formation of 
the 1.92 Ga Snowbird Tectonic Zone. 
c. Regional thermal reworking of the lower crust at ca. 1.75–1.70 Ga, defined in 
the xenoliths by the metamorphic rims, resulting from underplating of mantle-
derived magmas along the crust-mantle interface in an intracratonic setting – 
up to 50 Ma younger than the formation age of surface rocks in the region. 
 
4. Trace element geochemistry of zircon from the two xenolith suites suggests the 
relative timing of granulite-facies metamorphism.  The low !HREE and (Lu/Gd)N 
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ratios of ca. 1.75–1.70 Ga metamorphic zircon rims, in comparison to elevated 
!HREE and (Lu/Gd)N ratios of the associated igneous and metamorphic zircon 
cores, indicates that garnet crystallization – and formation of the granulite-facies 
metamorphic mineral assemblage – occurred pre-to syn-zircon growth at ca. 1.75 
Ga.  No other systematic relationships were observed in the trace element results 
that would provide additional insight into provenance of the xenolith protoliths. 
 
5. The oxygen isotope compositions of zircon and garnet from the lower crustal 
xenoliths provide additional petrogenetic information, including protolith source 
compositions and interaction of their parent magmas with supracrustal rocks that 
were previously exposed to surface-derived fluids.  The overall wide range in the 
oxygen isotopic compositions of the zircon and garnet indicates a heterogeneous 
lower crust below the Rankin Inlet and Repulse Bay regions, formed by both 
mantle-derived magmas (with mantle-like "18O values) and evolved, supracrustal-
derived magmas (with elevated "18O values, relative to mantle). 
 
6. A distinctive feature of the zircon oxygen isotope results is the limited variance 
within individual xenoliths (i.e., between zircon cores and associated rims), and the 
similarity in oxygen isotope results between associated zircon and garnet xenolith 
pairs.  This suggests that the bulk oxygen isotopic compositions of the protoliths 
remained relatively unchanged during ca. 1.75–1.70 Ga regional granulite-facies 
reworking of the lower crust. 
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7. By combining the zircon and garnet oxygen isotope results with zircon U-Pb 
geochronology and trace element geochemistry, four petrogenetic phases of crustal 
evolution are recognized in the two lower crustal xenolith suites.  These include: 
a. Initial formation of evolved, supracrustal-derived crust at ca. 3.5 Ga. 
b. Widespread juvenile and evolved, supracrustal-derived magmatism between 
ca. 2.9–2.6 Ga in the Rankin Inlet region and ca. 3.0–2.6 Ga in the Repulse 
Bay region. 
c. Localized thermal reworking of juvenile lower crustal rocks at ca. 2.0–1.9 Ga 
in the Rankin Inlet region resulting from amalgamation of the Hearne with the 
composite Rae-Chesterfield and the formation of the ca. 1.92 Snowbird 
Tectonic Zone. 
d. Regional transient heating and thermal reworking of juvenile and evolved, 
supracrustal-derived lower crust through underplating of mantle-derived 
magmas along the crust-mantle boundary at ca. 1.75–1.70 Ga. 
 
8. Two xenoliths from the Repulse Bay suite contain ca. 3.5 Ga and ca. 2.9 Ga 
igneous cores and have high "18O values (relative to mantle).  These provide 
evidence for a process of tectonic recycling which was operational at ca. 3.5 Ga and 
ca. 2.9 Ga.  This process includes burial and melting of supracrustal rocks that 
previously resided near the surface and interacted with surface-derived fluids at low 
temperatures. 
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9. Detailed SHRIMP U-Pb analysis and high-resolution cathodoluminescence imaging 
of individual zircons from the Rankin Inlet and Repulse Bay lower crustal xenolith 
suites provide new insight into U-Pb discordance and intracrystalline Pb-
redistribution in zircon exposed to high-grade metamorphism.  Examples of such 
behavior documented here include: 
a. Significant within-run analytical Pb isotopic variability, which consists of 
varying radiogenic Pb isotope (i.e., 206Pb, 207Pb and 208Pb) count rates 
irrespective of the count rates of the parent isotopes (235U, 238U and 232Th), 
common Pb, and structural Zr2O. 
b. High-spatial 207Pb/206Pb date variability within individual zircons, or between 
similar CL growth zones from different zircons in the same xenolith. 
 
10. Analytical examples of U-Pb discordance and Pb-variability are commonly 
spatially correlated with textural artifacts that are indicative of CL growth zone 
disturbance, such as: 
a. Sub-micrometer-scale, irregular micro-structures indicating fracturing and 
subsequent annealing at ca. 1.75–1.70 Ga. 
b. Faded or relict CL growth zoning, which reflects partial solid-state 
recrystallization at ca. 1.75–1.70 Ga. 
 
11. The observed relationship between Pb-variability and textural growth zone 
disturbance artifacts (i.e., micro-structures and partial, solid-state recrystallized 
150
zones) suggests a temporal relationship between intracrystalline Pb-loss and/or Pb-
redistribution and exposure to high-grade metamorphism at ca. 1.75–1.70 Ga. 
 
12. The Pb-variability features reported here, integrated with similar suggestions of Pb-
variability in zircon from other studies of granulite-facies rocks (McFarlane et al., 
2005; Davis et al., 2008; Moser et al., 2009; Flowers et al., 2010), indicate an 
inherent, dynamic process of intracrystalline Pb-loss and/or Pb-redistribution in 
zircon during exposure to granulite-facies metamorphism.  
 
13. Future U-Pb geochronology studies of zircon obtained from high-grade 
metamorphic rocks should be mindful of this process of intracrystalline Pb-loss 
and/or Pb-redistribution and associated formation of fine-scale micro-structures and 
solid-state recrystallization, when interpreting complex U-Pb results.  High-
resolution cathodoluminescence imaging and electron backscatter diffraction can be 
used as tools to resolve such micrometer-scale textural and structural features 
associated with intracrystalline Pb-loss and/or Pb-redistribution. 
 
14.  This study documents an inherent association between intracrystalline Pb-
redistribution in zircon and high-temperature metamorphism. However, it is 
apparent that the micrometer- to nanometer-scale resolution of the analytical 
techniques employed here (i.e., high spatial-resolution U-Pb analyses (um) and 
nanobeam textual/structural analysis) make it difficult to adequately quantify the 
length-scales associated with thermal-related Pb-redistribution.  Future attempts to 
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quantify and understand such behavior, including the length-scales of 
intracrystalline Pb-redistribution within the zircon crystal structure during 
prolonged exposure to high-temperature metamorphism, can only be feasible using 
atomic-scale analytical methods.  However, such atomic-scale quantification may 
not be possible until technological advancements are made in a combined method 
of atomic-scale U-Pb isotopic and textual/structural analysis. 
 
15. Overall, the combined U-Pb, trace element, oxygen isotope, and micro-structural 
data for zircon from the lower crustal xenolith suites provide evidence for a 
prolonged and complex tectonic/thermal history for the deep crust beneath the 
Rankin Inlet and Repulse Bay portions of the western Churchill province. 
 
16. Zircon from the lower crustal xenoliths provides common and independent records 
of western Churchill craton evolution, which in some cases differs significantly 
from upper crustal records.  Previously unrecognized regional magma underplating 
along the base of the lower crust at ca. 1.75–1.70 Ga is an example of such 
disparity between the upper and lower crustal records.  In order to constrain the 
magnitude of this ca. 1.75–1.70 Ga magma underplating event, additional lower 
crustal studies in other kimberlite fields and surface geology studies with a 
particular focus on this time period should be undertaken. 
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Appendix D. Oxygen Isotope Results for Zircon from the Lower Crustal Xenoliths
Spot Name Texture !18Ozrc (‰) 2" (‰)
207Pb/206Pb (Ma) 2" (Ma)
Rankin Inlet lower crustal xenolith suite
9864
IP10072_M1020_S1160_9864_27_2 rim 6.2 0.2 1696 83
IP10073B_M1020_S1160_9864_246_2 rim 5.8 0.1 1698 35
IP10072_M1020_S1160_9864_174_2 core 6.3 0.2 1700 15
IP10072_M1020_S1160_9864_31_1 rim 5.9 0.2 1703 55
IP10072_M1020_S1160_9864_31_2 rim 5.7 0.2 1703 55
IP10072_M1020_S1160_9864_31_5 rim 6.2 0.2 1703 56
IP10072_M1020_S1160_9864_109_3 rim 6.4 0.2 1707 171
IP10073B_M1020_S1160_9864_193_1 rim 5.9 0.1 1709 49
IP10073B_M1020_S1160_9864_246_1 rim 6.0 0.2 1712 264
IP10072_M1020_S1160_9864_75_1 core 6.1 0.2 1715 27
IP10072_M1020_S1160_9864_75_2 rim 6.1 0.2 1715 27
IP10072_M1020_S1160_9864_47_3 core 7.5 0.3 1749 17
IP10073B_M1020_S1160_9864_209_1 rim 5.9 0.2 1750 112
IP10072_M1020_S1160_9864_137_2 core 6.0 0.3 1759 11
IP10072_M1020_S1160_9864_174_1 core 6.2 0.3 1762 10
IP10073B_M1020_S1160_9864_209_2 rim 5.9 0.2 1767 38
IP10072_M1020_S1160_9864_47_1 core 8.2 0.2 1780 28
IP10073B_M1020_S1160_9864_204_2 core 6.3 0.2 1784 20
IP10072_M1020_S1160_9864_27_1 rim 6.4 0.2 1863 25
IP10073B_M1020_S1160_9864_205_2 core 6.1 0.2 1877 20
IP10073B_M1020_S1160_9864_205_3 core 6.0 0.2 1877 20
IP10073B_M1020_S1160_9864_182_1 core 6.0 0.2 1881 9
IP10072_M1020_S1160_9864_137_3 core 6.3 0.3 1896 9
IP10072_M1020_S1160_9864_31_3 core 6.1 0.1 1914 18
IP10072_M1020_S1160_9864_31_4 core 6.2 0.2 1914 18
IP10072_M1020_S1160_9864_137_1 core 6.2 0.2 1922 71
IP10072_M1020_S1160_9864_109_1 core 6.2 0.3 1936 14
IP10072_M1020_S1160_9864_109_2 core 6.2 0.2 1936 14
IP10072_M1020_S1160_9864_47_2 core 8.6 0.3 1949 26
IP10073B_M1020_S1160_9864_205_1 core 6.1 0.1 1963 27
IP10073B_M1020_S1160_9864_204_1 core 6.0 0.2 1966 50
IP10072_M1020_S1160_9864_155_1 core 6.2 0.3 1970 37
IP10073B_M1020_S1160_9864_182_2 core 6.0 0.2 1999 25
9865
IP10072_M1020_S1159_9865_25_1 rim 6.1 0.3 1608 126
IP10072_M1020_S1159_9865_25_2 rim 6.0 0.2 1608 126
IP10072_M1020_S1159_9865_25_3 rim 6.1 0.2 1608 126
IP10072_M1020_S1159_9865_25_4 rim 5.9 0.2 1608 126
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Appendix D. Oxygen Isotope Results (Continued)
Spot Name Texture !18Ozrc (‰) 2" (‰)
207Pb/206Pb (Ma) 2" (Ma)
IP10072_M1020_S1159_9865_23_3 rim 5.5 0.2 1730 198
IP10072_M1020_S1159_9865_23_4 rim 5.5 0.3 1730 198
IP10072_M1020_S1159_9865_23_5 rim 5.5 0.3 1730 198
IP10072_M1020_S1159_9865_32_1 rim 6.0 0.3 1751 168
IP10072_M1020_S1159_9865_32_2 rim 6.0 0.3 1751 168
IP10072_M1020_S1159_9865_13_3 rim 6.0 0.3 2244 66
IP10072_M1020_S1159_9865_3_2 core 5.6 0.3 2256 16
IP10072_M1020_S1159_9865_14_1 rim 6.2 0.3 2357 145
IP10072_M1020_S1159_9865_12_1 core 6.0 0.2 2469 147
IP10072_M1020_S1159_9865_12_2 core 6.1 0.2 2469 147
IP10072_M1020_S1159_9865_12_3 rim 5.8 0.3 2507 205
IP10072_M1020_S1159_9865_14_3 rim 6.4 0.2 2528 26
IP10072_M1020_S1159_9865_14_4 rim 6.3 0.2 2528 26
IP10072_M1020_S1159_9865_23_2 core 5.7 0.2 2529 59
IP10072_M1020_S1159_9865_14_2 rim 6.4 0.3 2771 93
IP10072_M1020_S1159_9865_23_1 core 5.8 0.3 2787 190
IP10072_M1020_S1159_9865_3_1 rim 5.9 0.3 2800 105
IP10072_M1020_S1159_9865_5_1 core 5.9 0.3 2822 74
IP10072_M1020_S1159_9865_13_1 core 5.8 0.2 2850 29
IP10072_M1020_S1159_9865_5_2 core 6.4 0.3 2860 74
IP10072_M1020_S1159_9865_13_2 core 6.1 0.2 2864 29
IP10072_M1020_S1159_9865_4_1 core 5.7 0.2 2883 88
9866
IP10073B_M1020_S1158_9866_8_1 rim 6.5 0.2 1661 66
IP10073B_M1020_S1158_9866_8_2 rim 6.6 0.2 1661 66
IP10073B_M1020_S1158_9866_4_1 rim 6.8 0.2 1696 27
IP10073B_M1020_S1158_9866_7_1 rim 6.7 0.2 1734 56
IP10073B_M1020_S1158_9866_7_2 rim 6.8 0.2 1734 56
9870
IP10073B_M1020_S1157_9870_5_1 rim 6.0 0.2 1682 70
IP10073B_M1020_S1157_9870_10_1 rim 5.7 0.2 1696 39
IP10073B_M1020_S1157_9870_10_2 rim 5.8 0.2 1696 39
Repulse Bay lower crustal xenolith suite
10158
IP10074_M1021_S1147_10158_73_1 rim 8.2 0.2 1702 92
IP10074_M1021_S1147_10158_3_1 rim 7.9 0.2 1711 56
IP10074_M1021_S1147_10158_73_2 rim 8.2 0.2 1770 62
IP10074_M1021_S1147_10158_35_1 rim 7.8 0.2 1781 67
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Appendix D. Oxygen Isotope Results (Continued)
Spot Name Texture !18Ozrc (‰) 2" (‰)
207Pb/206Pb (Ma) 2" (Ma)
IP10074_M1021_S1147_10158_22_3 rim 7.7 0.2 1783 69
IP10074_M1021_S1147_10158_73_3 rim 8.3 0.2 1798 60
IP10074_M1021_S1147_10158_3_2 rim 8.0 0.2 1824 44
IP10074_M1021_S1147_10158_22_2 core 7.8 0.2 2026 15
IP10074_M1021_S1147_10158_7_1 core 8.0 0.2 2353 43
IP10074_M1021_S1147_10158_22_1 core 7.7 0.3 2357 15
IP10074_M1021_S1147_10158_47_1 core 7.7 0.2 2437 22
IP10074_M1021_S1147_10158_53_1 core 7.8 0.2 2579 6
IP10074_M1021_S1147_10158_7_2 core 7.8 0.2 2588 18
IP10074_M1021_S1147_10158_10_1 core 7.7 0.2 2679 44
IP10074_M1021_S1147_10158_12_2 core 7.9 0.2 2773 10
IP10074_M1021_S1147_10158_12_1 core 7.8 0.2 2908 21
10162
IP10074_M1021_S1148_10162_1_2 rim 7.4 0.2 1742 20
IP10074_M1021_S1148_10162_1_1 rim 7.2 0.2 1744 21
10163
IP10074_M1021_S1149_10163_2_1 rim 7.8 0.2 *1738 15
IP10074_M1021_S1149_10163_2_2 rim 7.8 0.2 *1738 15
IP10074_M1021_S1149_10163_3_1 rim 7.8 0.2 *1738 15
*from grain #1
10164
IP10074_M1021_S1150_10164_4_1 rim 7.5 0.2 1738 11
IP10074_M1021_S1150_10164_56_2 rim 7.5 0.2 1753 11
IP10074_M1021_S1150_10164_14_1 rim 7.7 0.2 1760 29
IP10074_M1021_S1150_10164_29_1 rim 7.8 0.2 1764 14
IP10074_M1021_S1150_10164_25_1 core 7.6 0.2 1766 10
IP10074_M1021_S1150_10164_14_2 rim 7.6 0.2 1778 12
IP10074_M1021_S1150_10164_34_2 rim 8.1 0.2 1806 12
IP10074_M1021_S1150_10164_34_3 rim 7.5 0.2 1806 12
IP10074_M1021_S1150_10164_25_2 core 7.5 0.2 1976 9
IP10074_M1021_S1150_10164_25_3 core 7.4 0.2 1995 54
IP10074_M1021_S1150_10164_29_2 core 7.7 0.2 2443 122
IP10074_M1021_S1150_10164_37_1 core 7.8 0.2 2813 11
IP10074_M1021_S1150_10164_26_1 core 7.9 0.2 3015 57
IP10074_M1021_S1150_10164_56_1 core 7.7 0.2 3136 102
IP10074_M1021_S1150_10164_64_3 core 7.9 0.3 3225 40
IP10074_M1021_S1150_10164_64_4 core 7.7 0.2 3225 40
IP10074_M1021_S1150_10164_53_1 core 7.6 0.2 3228 200
IP10074_M1021_S1150_10164_64_1 core 7.8 0.2 3256 18
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Appendix D. Oxygen Isotope Results (Continued)
Spot Name Texture !18Ozrc (‰) 2" (‰)
207Pb/206Pb (Ma) 2" (Ma)
IP10074_M1021_S1150_10164_64_2 core 7.8 0.3 3256 18
IP10074_M1021_S1150_10164_34_1 core 7.7 0.2 3334 75
IP10074_M1021_S1150_10164_34_5 core 7.6 0.2 3334 75
IP10074_M1021_S1150_10164_34_4 core 6.9 0.2 3339 9
IP10074_M1021_S1150_10164_36_1 core 7.8 0.2 3421 13
IP10074_M1021_S1150_10164_36_2 core 7.6 0.2 3421 13
10167
IP10074_M1021_S1155_10167_4_1 rim 7.3 0.2 1703 159
IP10074_M1021_S1155_10167_4_2 rim 7.4 0.2 1703 159
IP10074_M1021_S1155_10167_9_1 rim 7.6 0.2 1754 31
IP10074_M1021_S1155_10167_9_2 rim 7.6 0.2 1764 57
IP10074_M1021_S1155_10167_5_1 rim 7.5 0.2 1845 79
10168
IP10075_M1021_S1151_10168_55_1 rim 5.7 0.2 1637 49
IP10075_M1021_S1151_10168_69_1 rim 5.8 0.2 1637 40
IP10075_M1021_S1151_10168_55_2 rim 5.7 0.2 1661 43
IP10075_M1021_S1151_10168_24_1 rim 5.9 0.2 1666 53
IP10075_M1021_S1151_10168_69_2 rim 5.8 0.2 1678 49
IP10075_M1021_S1151_10168_87_1 rim 5.8 0.2 1714 35
IP10075_M1021_S1151_10168_65_2 rim 5.8 0.2 1716 29
IP10075_M1021_S1151_10168_65_3 rim 5.9 0.2 1716 29
IP10075_M1021_S1151_10168_67_1 rim 6.2 0.2 1719 114
IP10075_M1021_S1151_10168_67_2 rim 6.0 0.2 1719 114
IP10075_M1021_S1151_10168_3_2 rim 5.9 0.2 1720 80
IP10075_M1021_S1151_10168_66_1 core 5.9 0.2 1731 51
IP10075_M1021_S1151_10168_66_2 core 6.1 0.2 1731 51
IP10075_M1021_S1151_10168_24_2 rim 5.7 0.2 1763 44
IP10075_M1021_S1151_10168_22_1 rim 5.7 0.2 1790 57
IP10075_M1021_S1151_10168_12_1 core 5.7 0.2 1814 34
IP10075_M1021_S1151_10168_12_2 core 5.9 0.2 1814 34
IP10075_M1021_S1151_10168_12_3 core 5.7 0.2 1814 34
IP10075_M1021_S1151_10168_3_1 rim 6.0 0.2 1837 54
IP10075_M1021_S1151_10168_3_3 rim 5.9 0.2 1837 54
IP10075_M1021_S1151_10168_19_1 core 5.9 0.2 1996 43
IP10075_M1021_S1151_10168_19_2 core 5.9 0.2 1996 43
IP10075_M1021_S1151_10168_77_1 core 5.8 0.2 2264 117
IP10075_M1021_S1151_10168_29_2 rim 5.8 0.2 2425 52
IP10075_M1021_S1151_10168_20_2 core 5.9 0.2 2589 32
IP10075_M1021_S1151_10168_20_1 core 6.0 0.2 2727 13
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Appendix D. Oxygen Isotope Results (Continued)
Spot Name Texture !18Ozrc (‰) 2" (‰)
207Pb/206Pb (Ma) 2" (Ma)
IP10075_M1021_S1151_10168_65_1 core 5.6 0.2 2773 114
IP10075_M1021_S1151_10168_1_1 core 5.9 0.2 2798 9
IP10075_M1021_S1151_10168_29_1 core 6.1 0.2 2849 13
IP10075_M1021_S1151_10168_12_4 core 5.7 0.2 2954 28
IP10075_M1021_S1151_10168_12_5 core 5.8 0.2 2954 28
IP10075_M1021_S1151_10168_12_6 core 5.9 0.2 2954 28
IP10075_M1021_S1151_10168_5_1 core 6.1 0.2 2982 38
IP10075_M1021_S1151_10168_5_2 core 6.1 0.3 2982 38
IP10075_M1021_S1151_10168_5_3 core 5.9 0.2 2982 38
10169
IP10075_M1021_S1152_10169_36_1 rim 6.3 0.2 1676 18
IP10075_M1021_S1152_10169_10_1 rim 6.2 0.2 1749 138
IP10075_M1021_S1152_10169_10_2 rim 6.4 0.2 1757 87
IP10075_M1021_S1152_10169_28_2 rim 7.1 0.2 1771 41
IP10075_M1021_S1152_10169_28_1 rim 7.3 0.2 1778 143
IP10075_M1021_S1152_10169_16_1 rim 6.1 0.2 1793 25
IP10075_M1021_S1152_10169_5_2 rim 6.4 0.2 1800 51
IP10075_M1021_S1152_10169_1_1 rim 6.4 0.2 1801 73
IP10075_M1021_S1152_10169_13_1 rim 6.4 0.2 1801 73
IP10075_M1021_S1152_10169_34_1 rim 6.4 0.2 1825 85
IP10075_M1021_S1152_10169_34_2 rim 6.5 0.2 1825 85
IP10075_M1021_S1152_10169_16_2 rim 6.1 0.2 1873 51
IP10075_M1021_S1152_10169_5_1 rim 6.5 0.2 1877 54
IP10075_M1021_S1152_10169_34_3 rim 6.7 0.2 2092 61
10179
IP10074_M1021_S1143_10179_8_1 rim 6.5 0.2 1698 34
IP10074_M1021_S1143_10179_1_2 rim 6.2 0.2 1741 42
IP10074_M1021_S1143_10179_4_2 rim 6.3 0.2 1746 36
IP10074_M1021_S1143_10179_9_2 rim 6.2 0.2 1780 54
IP10074_M1021_S1143_10179_9_1 rim 6.4 0.2 1801 29
IP10074_M1021_S1143_10179_10_1 rim 6.3 0.2 1809 32
IP10074_M1021_S1143_10179_19_3 rim 6.4 0.2 1841 62
IP10074_M1021_S1143_10179_10_2 rim 6.3 0.3 1888 43
IP10074_M1021_S1143_10179_19_1 rim 6.4 0.2 1909 47
IP10074_M1021_S1143_10179_19_2 rim 6.5 0.2 1914 45
IP10074_M1021_S1143_10179_1_1 rim 6.2 0.2 1918 76
IP10074_M1021_S1143_10179_4_1 rim 6.3 0.2 1962 70
Notes:
207Pb/206Pb results from Appendix A
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Appendix E. Electron backscatter diffraction (EBSD) Analytical Conditions 
EBSD analytical conditions for zircon #9864-174 
SEM Model SU6600 
EBSP collection time per frame (ms) 18 
Background (frames) 64 
EBSP noise reduction (frames) 6 
                                    (binning) 4x4 
                                    (gain) High 
AFI - 
Hough resolution 60 
Band detection min/max 5/7 
Mean band contrast (zircon) 80.93 
X steps 849 
Y steps 638 
Step distance (!m) 0.2 
Average mean angular deviation 
(zircon) 
0.614 
Noise reduction – ‘wildspike’ - 
 - n neighbour zero solution 
extrapolation 
- 
 - Kuwahara Filter - 
Hitachi SU6600 FEG-SEM settings 
EBSD system HKL Channel 5 
Carbon coat (<5nm) Yes 
Acc. Voltage (kV) 20 
Working distance (mm) 19 
Probe current (nA) 2.1 
Tilt (degrees) 70 
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Appendix E. EBSD Analytical Conditions (Continued) 
 
EBSD analytical conditions for zircon #10158-22 
SEM Model SU6600 
EBSP collection time per frame (ms) 18 
Background (frames) 64 
EBSP noise reduction (frames) 6 
                                    (binning) 4x4 
                                    (gain) High 
AFI - 
Hough resolution 60 
Band detection min/max 5/7 
Mean band contrast (zircon) 130.2 
X steps 656 
Y steps 530 
Step distance (!m) 0.35 
Average mean angular deviation 
(zircon) 
0.397 
Noise reduction – ‘wildspike’ - 
 - n neighbour zero solution 
extrapolation 
- 
 - Kuwahara Filter - 
Hitachi SU6600 FEG-SEM settings 
EBSD system HKL Channel 5 
Carbon coat (<5nm) Yes 
Acc. Voltage (kV) 20 
Working distance (mm) 19 
Probe current (nA) 2.1 
Tilt (degrees) 70 
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